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Abstract 
This thesis examines GABAA receptor (GABAAR) and GABAB receptor (GABABR) 
mediated inhibition within the mouse dorsal lateral geniculate nucleus (dLGN) with a 
particular emphasis on the significance of GABA release from local interneurons. The 
removal of the2 subunit from thalamic relay neurons of the dLGN in the HDC-2 mouse 
strain was shown to reduce the overall sIPSC frequency across all relay neurons with an 
absence of IPSCs in a subset of Y-type thalamic relay neurons. The IPSCs associated with the 
remaining relay neurons exhibited slower rise-times and decays and were insensitive to 
diazepam, indicating the absence of the 2 subunit. Potentiation of these slower IPSCs by 
DMCM further suggested that the remaining IPSCs were mediated by 1 subunit-containing 
GABAA receptors.  
In contrast, removal of the GABAB1 subunit resulted in a complete loss of postsynaptic 
GABABR responses within the mouse dLGN in all cells so far examined. The baclofen-
induced membrane hyperpolarization was lost from HDC-GABAB1 cells and elevated 
ambient GABA concentrations resulted in a significantly smaller membrane 
hyperpolarization. Although HDC-GABAB1 mice did not exhibit a major visual deficit in a 
novel object recognition task, local field potential recordings during the animals sleep period 
revealed a shift in the power spectrum towards 1-4 Hz delta band of oscillatory activity 
locally within the visual cortex.   
I also identified the Sox14 gene as a marker for dLGN interneurons. Channelrhodopsin-2 
(ChR2) activation of Sox14 interneurons not only gave rise to time-locked phasic inhibition 
in the dLGN relay neurons, this stimulation  also induced tonic inhibition in an activity-
dependent manner, mediated by the activation of extrasynaptic -containing GABAARs. 
However, action potential induced GABA release from interneuron is not a conspicuous 
feature of simultaneous paired interneuron to relay neuron recordings. 
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1. Introduction 
1.1 GABA as an inhibitory neurotransmitter 
GABA (-aminobutyric acid) is the major inhibitory neurotransmitter in the 
mammalian central nervous system (CNS). GABA-mediated inhibition 
regulates neuronal excitability, contributes to the pacing of rhythmic oscillations 
in the CNS (Isaacson et al., 2011), and represents the principal target for 
anaesthetics, anti-convulsants and anxiolytic drugs (Uusi-Oukari et al., 2010). 
Moreover, disruption to GABA mediated inhibition is associated with epilepsy, 
schizophrenia, depression, Parkinson‟s disease and sleep/anxiety disorders 
(Mohler, 2006; Brickley et al., 2012).    
GABA-mediated inhibition occurs principally at central synapses due to the 
activation of GABAA and GABAB receptors. The arrival of an action potential at 
the axon terminal triggers calcium influx through voltage-gated calcium 
channels that leads to vesicular GABA release. At mature synapses, the binding 
of GABA to ionotropic GABAA receptors (GABAARs) opposite the release site 
leads to an inward flux of chloride ions that underlies the inhibitory 
postsynaptic current (IPSC) which hyperpolarizes the postsynaptic membrane 
potential during GABA-mediated synaptic transmission. This temporally 
discreet change (typically 5-30 ms) in chloride conductance is responsible for 
the point-to-point fast communication that is termed “phasic inhibition”. 
However, GABAARs are also found in somatic, dendritic and axonal regions of 
the neuronal membrane located outside of the synaptic region (Brown et al., 
1979; Soltesz et al., 1990). These extrasynaptic GABAA receptors can be 
activated by the “spillover” of GABA that escapes from the synaptic cleft 
following vesicular GABA release. The GABA transient that reaches these 
more remote receptors leads to the generation of a slower form of phasic 
inhibition that has been reported in a number of cell types (Rossi et al., 1998; 
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Wei et al., 2003; Olah et al., 2009; Herd et al., 2013; Ye et al., 2013). 
Additionally, in some cells the low ambient GABA level that will constantly be 
present in the extracellular space is responsible for activating these 
extrasynaptic GABAARs, resulting in a constant inhibitory current, termed 
“tonic inhibition”. GABAAR antagonists (such as bicuculine or picrotoxin) 
block spontaneously occurring fast and slow IPSCs as well as the standing 
holding current that is typically recorded in voltage-clamp mode of the whole-
cell configuration (Otis et al., 1991; Kaneda et al., 1995; Brickley et al., 1996). 
In addition to these different forms of GABAAR-mediated inhibition, 
postsynaptic GABA activation of the G protein-coupled metabotropic GABAB 
receptors (GABABRs) causes slow (100-500 ms) hyperpolarisation of 
membrane potential through activation of inwardly rectifying K
+
 (GIRK) 
channels (Luscher et al., 1997; Gassmann et al., 2012a).  
Fast and slow phasic GABAAR-mediated inhibition, the persistent tonic 
inhibiton mediated by extrasynaptic GABAARs and the contribution of 
GABABR-mediated inhibition will be discussed further, in relation to subunit 
composition, brain region distribution, subcellular location, electrophysiological 
properties and functional roles.  
1.2. Functional properties of GABAARs 
1.2.1 Some key molecular features of the GABAA R 
The GABAAR is a pentameric ion channel arranged around a central ion pore 
(Sigel et al., 2012; Miller et al., 2014). To date, 19 GABAAR subunits have 
been identified:  (1-6),  (1-3),  (1-3),  (1-3), , and .Each subunit 
consists of a hydrophilic extracellular N-terminal domain and four 
transmembrane domains (TM1-TM4). The TM2 regions align to form the 
central ion pore and a large intracellular domain between M3 and M4, which 
can be modulated by phosphorylation and is responsible for receptor trafficking 
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and anchoring in the cytoskeleton (Chen et al., 2007; Jacob et al., 2008). The 
GABAAR binds two GABA molecules at the interface between the  and  
subunit (Uusi-Oukari et al., 2010). The benzodiazepine binding site is located at 
the interface between  and  subunits (Walters et al., 2000). The protein also 
contains other allosteric binding sites for various other drugs, including 
barbiturates, ethanol and neurosteroids (Uusi-Oukari et al., 2010). Although 
subunit diversity enables a huge number of combination possibilities, most 
synaptic GABAARs are believed to be composed of two subunits, two  
subunits and one  subunit (Rudolph et al., 2004b).   
GABAARs exhibit mixed anion permeability to chloride ions and to a lesser 
extent bicarbonate. The reversal potential for GABA is often considered to be 
more negative than the resting membrane potential. Therefore, activation of 
GABAARs by GABA, leads to a conformational change in GABAARs that 
principally allows chloride ions to flux into the neuron. The increased 
membrane conductance associated with GABAAR activation leads to a 
membrane shunt that will reduce the influence of any excitatory drive onto the 
neuron. Additionally, the membrane hyperpolarisation further reduces the 
excitability of a neuron as the membrane potential is moved further away from 
action potential threshold. In cases where the reversal potential for GABA is 
situated close to the resting membrane potential, a so-called “silent inhibition” 
will take place that is due to the shunting effect associated with the increased 
membrane conductance. Therefore, in the absence of membrane 
hyperpolarization, GABAAR-mediated inhibition will still take place. In other 
situations (most notably during early postnatal development), the GABA 
reversal potential is even more positive than the resting membrane potential. 
Therefore, GABAAR activation will depolarize the membrane potential making 
the neuron more excitable and in some cases this has been shown to lead to 
action potential firing (Dammerman et al., 2000; Ben-Ari, 2002). 
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Cation-chloride co-transporters, accumulating chloride NKCC1 and chloride 
extruder KCC2, play an essential role in regulating the chloride equilibrium 
potential (Payne et al., 2003). NKCC1 mediates chloride uptake by internalizing 
one Na
+
, one K
+
, and two Cl
-
; while KCC2 extrudes K
+
 and Cl
-
 using the 
electrochemical gradient for K
+
. High expression of NKCC1 and a lack of 
chloride-extruding pump KCC2 in immature neurons result in a high internal 
Cl
-
 concentration, which leads to the excitatory effect of GABAAR activation 
(Ben-Ari et al., 2007). Also, neocortical chandelier neurons that target the axon 
initial segment of mature pyramidal cells were reported to have a depolarizing 
effect, supported by the absence of the KCC2 cotransporter in the axon 
(Szabadics et al., 2006; Woodruff et al., 2009).     
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Figure 1. GABAA receptor structure and binding. Most GABAARs expressed in the brain are 
heteropentameric Cl–permeable channel, consist of two α subunits, two β subunits and one γ 
subunit; the γ subunit can be replaced by δ, ε, θ or π. GABAARs composed of α (1–3) 
subunits together with β and γ subunits are thought to be primarily synaptically localized, 
mediating phasic inhibition; whereas receptors composed of α(4 or 6)βδ are localized at 
extrasynaptic sites, mediating tonic inhibition. A model of GABAA channel gating was 
developed by Jones & Westbrook (1998), featuring two sequential GABA binding steps. 
Single ligand bound GABAA receptors (RA1) can enter into either brief open (O1), unbind 
(R), or long desensitized state (D1); while double ligand bound GABAA receptors (RA2) can 
enter either a longer open state (O2) or a fast desensitized state (D2). 
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1.2.2 GABAAR types that mediate fast phasic synaptic 
transmission 
The main feature of phasic GABAAR-mediated inhibition is the fast transient 
activation of postsynaptic GABAARs located at the synaptic junction, which 
gives rise to a precise temporal and spatial change in membrane permeability to 
regulate neuronal excitability. The subcellular locations, electrophysiological 
and pharmacological properties of the receptors are greatly determined by their 
subunit composition. Receptors composed of 1, 2, 3 or 5 subunits 
together with and subunits are usually synaptic and, therefore, mediate fast 
phasic inhibition (Rudolph et al., 2004b). GABAARs can be expressed diffusely 
all over the neuronal membrane in the soma and dendrites or they can be 
clustered at synaptic or extrasynaptic locations. It is believed that most 
GABAARs enriched at postsynaptic specialization are 2 subunit containing, 
and are regulated by gephyrin-dependent clustering (Fritschy et al., 2003). A 
gephyrin-dependent mechanism is involved in the formation and maintenance 
of inhibitory synapses (Essrich et al., 1998; Schweizer et al., 2003). Indeed, 
cortical neurons in 2 knock-out mice showed significant reductions in synaptic 
GABAARs and gephyrin clusters, further leading to a reduction in mIPSC 
frequency (Essrich et al., 1998). However, emerging evidence shows that 1-
containing GABAARs can also contribute to synaptic phasic inhibition in 
several brain regions, including central amygdala and tuberomamillary nucleus 
(Esmaeili et al., 2009; May et al., 2013). Also, it has been reported that 3 
subunits can substitute for 2 in the formation of gephyrin colocalized synaptic 
GABAA receptors (Baer et al., 1999). 2 is expressed throughout the brain. In 
situ hybridization shows that the expression of 1 is highest in the hippocampus, 
globus pallidus, amygdala, septum and medial preoptic area of the 
hypothalamus; while 3 mRNA is expressed in the neocortex and thalamus at a 
low level (Wisden et al., 1992).  
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1.2.3. GABAAR types that mediate GABA spillover detection 
GABA spillover from the synaptic cleft is able to contribute to a slow 
component of phasic inhibition and these slow IPSCs are often mediated by  
subunit-containing GABAARs. For instance, the  subunit is detected at the 
edge of synapses (perisynaptically) in the adult mouse dentate gyrus (Wei et al., 
2003). Presynaptic GABA release at this synapse is reported to not only activate 
postsynaptic -GABAARs, but also perisynaptic -GABAARs. Weighted decay 
time constants of both spontaneous and evoked IPSCs were significantly longer 
in wild-type mice compared with subunit deficient mice (Wei et al., 2003). 
Similarly, spillover mediated IPSCs have also been reported in many other 
different brain regions including cerebellum (Brickley et al., 1996) and 
neocortex (Ye et al., 2013). The activation of -GABAARs by GABA spillover 
is influenced not only by the presynaptic firing activity and release-site density, 
but also by subtypes of the presynaptic interneuron. Activation of neurogliaform 
cells in the neocortex and hippocampus induce a slow rising and slow decaying 
IPSC (Pearce, 1993; Szabadics et al., 2007; Capogna et al., 2011). Neurosteroid 
THDOC at concentration specific for -GABAARs prolongs the decay time of 
the slow IPSCs (Olah et al., 2009). Furthermore, the dense axonal coverage of 
the neurogliaform cells does not seem to form synaptic junctions with target 
cells, thus inhibiting nearby neurons by activating non-synaptic GABAARs in a 
diffused manner (Olah et al., 2009). 
 
1.2.4 GABAAR types that mediate the tonic conductance 
The persistent activation of extrasynaptic GABAARs by ambient GABA can 
result in an increased input conductance that can alter neuronal excitability. The 
GABAARs that mediate tonic inhibition are believed to contain either  or5 
subunits. Populations of  subunit-containing GABAARs appear as diffuse 
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populations on the membrane surface exclusively located outside of the synapse 
(Wei et al., 2003; Sun et al., 2004; Mangan et al., 2005). The 5 subunit-
containing GABAARs are reported to cluster predominantly in the extrasynaptic 
membrane (Fritschy et al., 1998; Brunig et al., 2002), regulated by gephyrin-
independent, radixin binding clustering (Bretscher et al., 2002; Loebrich et al., 
2006). In mature cerebellar granule cells, tonic inhibition is mediated by 
subunit-containing GABAARs (Brickley et al., 2001; Hamann et al., 
2002; Chadderton et al., 2004); while the  subunit co-assembles specifically 
with and  subunits in dentate gyrus granule cells, thalamic relay neurons 
and striatal medium spiny neurons (Porcello et al., 2003; Wei et al., 2003; Ade 
et al., 2008). In addition to -containing GABAARs,  subunit-containing 
GABAARs mediate tonic inhibition in hippocampal pyramidal neurons 
(Caraiscos et al., 2004; Glykys et al., 2006; Glykys et al., 2007) and layer 5 
cortical neurons (Yamada et al., 2007). 
Functional properties of -containing GABAARs are different from -containing 
GABAARs. For example, the estimated GABA EC50 values for or  
receptors are 0.3-0.7 µM, while the GABA EC50 values for or 
receptors are 6-14 µM (Brown et al., 2002b; Feng et al., 2004; Minier 
et al., 2004). However, despite the apparent high affinity of -containing 
GABAARs for GABA, the very brief channel open time and the high degree of 
receptor desensitization suggest a much lower efficacy compared with -
containing GABAARs. Indeed, replacing the subunit in receptor with 
a subunit reduces the mean channel open time and duration of bursts 5 fold 
(Fisher et al., 1997). However, the single channel conductance of  and  
subunit-containing GABAARs are similar at 25-28 pS (Bohme et al., 2004; Feng 
et al., 2004).  
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Figure 2. Different GABAARs generate divergent modes of inhibition, phasic, spillover and tonic 
inhibition. Classical phasic inhibition is brief in timescale and is mediated by synaptically 
localised GABAARs. Activation of perisynaptic GABAARs by GABA spillover from the 
synaptic cleft prolongs the decay time of the IPSC, mediating spillover inhibition. By 
contrast, tonic inhibition is generated by the activation of extrasynaptic GABAARs in 
response to low levels of ambient GABA. While phasic and spillover inhibition regulates 
neuron excitability with temporal and spatial precision; tonic inhibition provides a sustained 
inhibition to the neuron activity.    
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1.3 Pharmacology of GABAA receptors  
1.3.1 Benzodiazepines 
Since their discovery in the 1950s, benzodiazepines (BZs) have been found to 
display a wild variety of therapeutic actions, including anxiolysis, sedation, 
seizure suppression and muscle relaxation. The classical benzodiazepine, 
diazepam, is a positive allosteric modulator of the GABAAR. BZ modulation 
does not affect the maximal current evoked by GABA application, instead the 
dose-response curve is left-shifted to lower GABA concentrations (Figure 3A, 
B). Diazepam enhances the single channel current by increasing the mean open 
time, without  affecting channel opening frequency (Twyman et al., 1989).  
The BZ binding site is located at the interface between  and  subunits (Ernst 
et al., 2003; Ogris et al., 2004; Sigel et al., 2012), and BZ binding sensitivity is 
influenced by both subunits. BZs are insensitive to 4 and 6 subunit-
containing receptors, because of the presence of an arginine residue instead of a 
histidine at the conserved BZ binding site (Wieland et al., 1992). However, BZ 
binding affinity for and subunit-containing GABAARs are 
similar. Taking advantage of the several knock-in mouse lines in which 
histidine to arginine point mutation hindered classical BZ sensitivity, different 
roles of subunits have been established (Rudolph et al., 2004a). In summary, 
it is suggested that sedative, anterograde amnestic effect of diazepam are 
mediated by 1-containing GABAARs (Rudolph et al., 1999; McKernan et al., 
2000). Anxiolytic, and to a large extent, the myorelaxant actions of diazepam 
are mediated by 2-containing GABAARs (Low et al., 2000b). In addition, 
tolerance to the sedative action of BZs is closely linked to 5-containing 
GABAARs (van Rijnsoever et al., 2004) while BZs addictive properties are 
linked to 1-containing GABAARs (Tan et al., 2010). However, it is worth 
noting that there are discrepancies between human observations and in vitro 
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electrophysiology data in some cases. For example, ocinaplon (DOV-273547) 
had anxiolytic but not sedative effects in rodents and humans (Lippa et al., 
2005; Pal et al., 2010). However, in recombinant receptors, it modulated 
and subunit-containing GABAARs with no subtype selectivity 
(Lippa et al., 2005).   
Although 2 expression is prevalent in most of the brain regions, 1 and 3 
subunits are only present in a subset of regions (Wisden et al., 1992). 
Pharmacological studies revealed that different  subunits confer different 
binding affinity and efficacy of BZs to GABAARs. While binding affinity of 1-
containing GABAARs to BZ site antagonist flumazenil is more than 5000-fold 
lower than or subunits, binding affinity of - and -containing 
GABAARs are 10 to 30-fold lower for flunitrazepam than -containing 
GABAARs (Ymer et al., 1990; Wafford et al., 1993; Hadingham et al., 1995; 
Wingrove et al., 1997). In the case of diazepam, binding affinity and efficacy 
are also significantly lower in - and -containing GABAARs compared with 
-containing GABAARs (Puia et al., 1991). 
In addition to benzodiazepines, zolpidem, which is an imidazopyridine, also 
binds at the interface between  and  subunits. However, it is usually referred 
to as 1selective. The binding affinity of zolpidem to 1-containing GABAARs 
is 20-fold higher than 2-containing GABAARs, and it has no affinity for 5-
containing GABAARs (Pritchett et al., 1990). Phenylalanine residue (Phe77) in 
the 2 subunit is essential for the binding of zolpidem. A single point mutation 
of phenylalanine (F) to isoleucine (I) in the 2 subunit reduced zolpidem 
sensitivity without altering the binding of diazepam and flunitrazepam (Buhr et 
al., 1997b; Wingrove et al., 1997). The F77I mutation did not affect the binding 
and action of GABA to the 2-containing GABAARs, and the IPSC properties 
did not change in a range of different cell types tested, including hippocampal 
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pyramidal cells, interneurons, cerebellar Purkinje cells, stellate and basket cells 
(Cope et al., 2005b; Wulff et al., 2007). Mice carrying the F77I point mutation 
are of great importance for the discovery of zolpidem actions in different brain 
regions. For instance, when cerebellar Purkinje cells were made uniquely 
sensitive to zolpidem by Cre-dependent swapping of Ile77 for Phe77 in the 
zolpidem-insensitive F77I mice, zolpidem-induced motor deficits were restored 
(Wulff et al., 2007).  
 
Figure 3. Diazepam dose-response curve. A, an example trace of current response to GABA 
and diazepam application in a cell expressing GABAARs. Diazepam alone does not induce 
any current in the recorded cell. However, co-application of diazepam in the presence of low 
concentration of GABA increases the current amplitude. B, GABA concentration response 
curves in the absence and presence of diazepam. Notice there is a left shift of the response 
curve in the presence of diazepam. GABA EC50 is 20 μM in the absence of diazepam, 10 μM 
in the presence of diazepam. However, the maximal current amplitude (100%) is not affected 
by diazepam. Modified from Sigel et al., 2012.  
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1.3.2 DMCM 
DMCM (methyl-6, 7-dimethoxy-4-ethyl-beta-carboline-3-carboxylate), like 
many other drugs from the -carboline family, exhibits high binding affinity at 
the benzodiazepine site of the GABAAR.  It is an inverse agonist for GABAARs, 
which acts by reducing the frequency of channel opening (Rogers et al., 1994).  
Like many other benzodiazepine drugs, 4- and 6-containing GABAARs have 
low affinity for DMCM (Stevenson et al., 1995). In combination with 1 and 2 
subunits, effects of DMCM on 1-, 2-, 3- and 5-subunit containing 
GABAARs do not seem to differ significantly (Puia et al., 1991). Meanwhile, 
actions of DMCM on GABAARs show strong selectivity for different  
subunits. While in general, DMCM acts as an inverse agonist in - and 3-
containing GABAARs, DMCM positively modulates GABA-elicited current in 
1-containing GABAARs (Puia et al., 1991; Herb et al., 1992a).  For example, 
in HEK293 cells, DMCM at 10 µM behaved as negative modulators in different 
subunits in combination with 1 and 2; it acted as positive modulators in 
different subunits in combination with 1 and 1 (Puia et al., 1991).  
Interestingly, several reports have demonstrated that DMCM modulation of 
some GABAARs is biphasic. While at low concentration DMCM inhibits 
GABA response acting as inverse agonist, it potentiates GABA response at 
higher concentrations (Yakushiji et al., 1989; Im et al., 1995). Evidence has 
shown that in addition to binding at the benzodiazepine site with high affinity, 
DMCM also binds at specific  subunits with low affinity at micromolar 
concentrations. This potentiation by DMCM is only present on 2- and 3- but 
not 1-containing GABAARs, and is dependent on the presence of amino acid 
Asn
290
 (serine in 1) (Stevenson et al., 1995).  
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1.3.3 Zn
2+
 
Zn
2+
 is an essential micronutrient (Wallwork, 1987) that can move through 
various membrane ion channels (Sensi et al., 2000), and modulate protein 
function by interacting with Zn-dependent proteins in different cells (Maret et 
al., 2001; Haase et al., 2003). Since the first discovery of zinc-containing 
presynaptic vesicles (Haug, 1967), numerous studies have focused on the 
relationship between zinc and brain function (Figure 4A). Not only is zinc 
released from neurons presynaptically, it can also modulate neuronal 
excitability by influencing glutamatergic and GABAergic receptors (Smart et 
al., 1994). Furthermore, zinc is believed to play an important role in modulating 
synaptic plasticity (Li et al., 2001a; Brown et al., 2002a).  
Th Zn
2+
 transporter, ZnT-3, is responsible for the transport of Zn
2+
 into synaptic 
vesicles (Palmiter et al., 1996; Wenzel et al., 1997). In ZnT-3 knockout mice, 
Zn
2+
 is completely absent from the vesicles (Cole et al., 1999). Various 
techniques has been deployed to demonstrate the existence of Zn
2+
 as a 
neurotransmitter, including histological staining techniques and direct imaging 
of zinc release by florescent probe (Danscher, 1984; Frederickson et al., 1987; 
Danscher, 1996; Li et al., 2001b; Ueno et al., 2002) (Figure 4B). Zinc-releasing 
cells are located in the cerebral cortex, amygdala and septum area of the brain 
(Slomianka et al., 1990). In these regions, zinc-releasing neurons also co-release 
glutamate, which is thus termed „gluzinergic‟ in many publications  
(Frederickson, 1989). The most well studied Zn
2+
-containing projection is the 
hippocampal mossy fiber innervation from dentate gyrus to the CA3 pyramidal 
cells (Haug et al., 1971; Slomianka, 1992). However, Zn
2+
-containing neurons 
are not always glutamatergic, as in the cerebellum and spinal cord, Zn
2+
 is found 
within GABA- and glycine-containing neurons (Danscher et al., 2001; Wang et 
al., 2002). Fluorescent probe experiments estimate the amount of Zn released 
synaptically is in the 10-30 µM range, which is similar to the estimation made 
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using different concentrations of the Zn
2+
 chelator (Xie et al., 1994; Thompson 
et al., 2000; Li et al., 2001b; Ueno et al., 2002). 
Zn
2+
 inhibits NMDA-type glutamate receptors with subunit-dependent 
sensitivity (Peters et al., 1987; Rassendren et al., 1990; Smart et al., 1994; 
Paoletti et al., 1997). On a voltage-independent site of the NR2A subunit, Zn
2+
 
IC50 is in the nanomolar range; while on the NR2B subunit, excitatory current is 
depressed by Zn
2+
 at micromolar concentrations (Low et al., 2000a; 
Coughenour et al., 2001; Aslamkhan et al., 2002). Zn
2+
 is also believed to play 
a role in modulating synaptic plasticity which underlies learning and memory. 
However, the extent of the actions of Zn
2+
 on plasticity varies in different 
preparations and methods (Lu et al., 2000; Vogt et al., 2000; Quinta-Ferreira et 
al., 2004). 
Studies by Smart and others revealed that Zn
2+
 is also a subunit-selective 
inhibitor for GABAA receptors (Smart et al., 1983; Ben-Ari et al., 1991; 
Legendre et al., 1991).  GABAARs composed of  or subunits are more 
sensitive to Zn
2+
 block compared with subunits. subunits are most 
sensitive to Zn
2+
 with an IC50 at 0.1-1 µM (Hosie et al., 2003).  -containing 
GABAARs have an intermediate sensitivity to Zn
2+
 modulation, with an IC50 in 
the 1-10 µM range (Kaur et al., 2009). -containing GABAARs are much less 
affected by Zn
2+
, and are only substantially inhibited when the Zn
2+
 
concentration is at least a few hundred micromolar (Draguhn et al., 1990) 
(Figure 4C). It has been proposed that there are three sites which mediate Zn
2+
 
inhibition, one within the ion channel, the other two at the interface between  
andsubunits. And the low Zn2+ sensitivity of -containing GABAARs results 
from the disruption of -interface sites because of subunit interposition 
(Hosie et al., 2003).  
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Figure 4.  Zn
2+
 imaging and Zn
2+
 effect on GABAA receptors. A, Zn
2+
 staining in a sagittal rat 
slice, with the brown-black areas accounting for Timm-Danscher staining and the blue 
representing Nissl stained areas. Note the dense staining in the hilus (h) and subiculum (s), 
the accessory olfactory bulb (ao), the caudato putamen (cp) and the amygdala (am). B, Zn
2+
 
staining in stratum lucidum of the CA3 area of the hippocampal formation with the 
fluorescent probe ZP1. SL stratum lucidum, SP stratum pyramidale. C, Dose-response curve 
of Zn
2+
 inhibiting GABA activated current. subunit is most sensitive to Zn2+ block with 
IC50 at 0.1 µM, while IC50 for subunit is several hundred micromolar. Modified from 
Frederickson et al., 2000 and 2005; Hosie et al., 2003. 
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1.3.4 DS2 
Given the important role that -GABAARs are suggested to play in brain 
function and their association with neurological disorders, including epilepsy 
(Mihalek et al., 1999), schizophrenia (Marx et al., 2006; Holm et al., 2011), 
depression (Holm et al., 2011), sleep/anxiety disorders (Cope et al., 2005a; 
Wafford et al., 2006) and potentially alcoholism (Enoch, 2008), -GABAARs 
are emerging as a potentially valuable pharmacological target. Although -
GABAARs are not modulated by classical benzodiazepines acting via the BZ 
binding site situated at the interface between  and  subunits, they are 
modulated by other drugs such as etomidate, propofol and neurosteroids (Belelli 
et al., 2005). However, these modulators are not specific for -GABAARs. 
Gaboxadol (THIP) is a relatively selective agonist of -GABAARs. The 
importance of -GABAARs is highlighted by the fact that sedative and analgesic 
effects of THIP are blunted in -/- mice (Herd et al., 2009). However, THIP 
failed at phase III clinical trial due to patient disorientation and hallucination 
(Rudolph et al., 2011). 
4-Chloro-N-[2-(2-thienyl) imidazo [1, 2-a] pyridin-3-yl] benzamide (DS2) is the 
first selective positive allosteric modulator of -GABAARs, described by 
Lambert and colleagues in 2008 (Wafford et al., 2009).  DS2 (delta selective 
compound 2), an imidazopyridine, only enhances -GABAAR mediated currents 
in the presence of GABA. The mechanism of DS2 action was further studied by 
Jensen and colleagues (Jensen et al., 2013). DS2 has no direct effect on -
GABAARs, or any modulatory effect on -GABAARs (Figure 5A). The action of 
DS2 is, however, influenced by the - but not the -subunit. In X. laevis 
oocytes, DS2 produced an enhancement of GABA (1µM)-evoked current with 
an EC50 of 5.2 ± 1.9 µM for 4 receptors and 7.9 ± 1.1 µM for 6 
receptors. The action of DS2 on 1receptors was modest, similar to DS2 
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modulation of -containing receptors (Jensen et al., 2013). No sensitivity 
difference of DS2 was found with different -subunit compositions.  
Importantly, the mechanism of DS2 action is through enhancing the maximum 
GABA response, with little effect on GABA EC50, as shown in figure 5B 
(Jensen et al., 2013).   
Using radioligand and mutated receptor strategies, Jenson and colleagues 
attempted to identify the site of DS2 action on GABA receptors (Jensen et al., 
2013). Interestingly, DS2 does not seem to act on any defined GABA receptor 
modulation sites, including the GABA binding site, benzodiazepine site, 
etomidate and propofol site, neurosteroid site or the barbiturate binding site. 
From a therapeutic perspective, it is thus important to identify this -specific 
binding site, which is still unknown, for new drug discovery. 
Modulatory actions of DS2 on GABAARs were also tested on thalamic VB 
relay neurons and cerebellar granule cells (Wafford et al., 2009). In VB relay 
neurons, extrasynaptic GABAARs incorporate 4subunits and synaptic 
receptors mainly contain 12 subunits (Porcello et al., 2003; Chandra et 
al., 2006). In cerebellar granule cells, extrasynaptic GABAARs are mainly 
composed of 6subunits (Barnard et al., 1998). In both cases, DS2 (3-10 
µM) produced a concentration-dependent increase of tonic inhibition. However, 
DS2 had no effect on kinetics of spontaneous IPSCs, including frequency, 
amplitude, rise time and decay time (Wafford et al., 2009). In addition, DS2 
effect on tonic current was significantly reduced in -/- VB neurons, with no 
effect on spontaneous IPSCs (Jensen et al., 2013) (Figure 5C). This is consistent 
with the finding in recombinant system that, DS2 is a -selective positive 
allosteric modulator, with no effect on -containing GABAARs. 
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Figure 5. DS2 is a positive allosteric modulator of -containing GABAARs in recombinant cells 
and VB neurons. A, DS2 concentration-response curves in and expressing X. 
laevis oocytes. No significant change of current was observed at all DS2 concentrations 
tested in expressing X. laevis oocytes. B, GABA concentration–response relations 
from voltage-clamp electrophysiology experiments performed with or without 1 µM DS2 in 
 expressing X. laevis oocytes. The responses are normalized to the response produced 
by 30 mM GABA. C, The tonic current in a wild-type (WT) mouse thalamic ventrobasal 
neuron was greatly enhanced by 10 µM DS2. However, both DS2 and bicuculline had no 
effect on tonic current in  thalamic ventrobasal neurons. All point histogram of the tonic 
current under control conditions, in the presence of 10 µM DS2 and 30 µM bicuculline are 
presented to the right of each trace. Modified from Jensen et al., 2012.    
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1.4 GABAB receptors 
1.4.1 Structure of GABAB receptors 
GABAB receptors (GABABRs) are G-protein coupled receptors activated by 
GABA, which inhibit voltage-gated Ca
2+
 channels, activate postsynaptic K
+
 
channels via G and inhibit adenylyl cyclase via Gi/o (Couve et al., 2000; 
Gassmann et al., 2012a). GABABRs are heterodimers combined from the 
GABAB1 and GABAB2 subunits. The formation of heteromeric receptors is 
required for functional GABAB receptors to exit the endoplasmic reticulum and 
reach the cell surface (Couve et al., 1998; Pagano et al., 2001).  It is believed 
that the GABA binding site is located on the GABAB1 subunit, while the 
GABAB2 subunit is responsible for G protein activation (Gassmann et al., 
2012a). GABAB1a and GABAB1b isoforms of GABAB1 receptors have no 
differences in kinetic or pharmacological properties when expressed in 
heterologous cells (Bettler et al., 2004). GABAB1a and GABAB1b are co-
expressed in most neurons in the brain (Bischoff et al., 1999). However, 
GABAB1a contains an extra pair of protein-binding motifs in amino (N)-terminal 
extracellular domain, which may be responsible for the different subcellular 
localisation of these two isoforms in some brain regions, as discussed below 
(Ulrich et al., 2007; Gassmann et al., 2012a).  
It has also been found that in addition to the principal GABABR subunits, four 
cytosolic proteins of the KCTD family (KCTD8, KCTD12, KCTD 12b and 
KCTD 16) bind to GABAB2 as auxiliary subunits to form a GABABR complex, 
which gives native GABABRs unique kinetic and pharmacological features to 
the recombinant receptors (Gassmann et al., 2012b). For instance, the rise times 
of the GABABR-mediated K
+
 currents in cultured hippocampal neurons are 
tenfold shorter than those in heterologous cells expressing the cloned receptors 
as a result of the auxiliary subunits (Schwenk et al., 2010).   
1. Introduction 
32 
 
1.4.2 Presynaptic and postsynaptic effects of GABAB receptors 
Activation of presynaptic GABABRs inhibits neurotransmitter release by 
influencing Ca
2+
 influx at the synaptic terminal through inhibition of N type 
(Cav2.2) or P/Q type (Cav2.1) voltage-gated calcium channels (VGCC) via G 
and limiting vesicle fusion through a direct interaction with SNARE (soluble N-
ethylmaleimide-sensitive factor attachment protein (SNAP) receptor) proteins 
(Boivin et al., 2008; Wells et al., 2012). At the same time, released Gi/o also 
inhibits vesicle recruitment by lowering the cyclic adenosine monophosphate 
(cAMP) level (Chalifoux et al., 2011). Presynaptic GABAB receptors present in 
GABAergic terminals are termed autoreceptors, which inhibit further GABA 
release from the same terminals in a negative feedback pathway. Whereas 
activation of presynaptic GABAB receptors at neighbouring excitatory terminals 
(heteroreceptors) mediates the inhibition of glutamate release.   
Postsynaptically, GABABRs hyperpolarize the membrane potential by 
generating slow inhibitory postsynaptic potentials (IPSPs) and shunt excitatory 
currents, which is mediated by activation of GIRKs (G protein-activated 
inwardly rectifying potassium channels) and two-pore domain potassium 
channels via G (Boivin et al., 2008). In addition, activation of postsynaptic 
GABABRs also up- or down-regulates cAMP-protein kinase A (PKA) via 
modulation of adenylyl cyclase activity through Gi/o, which is believed to 
influence long term neuronal function (Hashimoto et al., 1997; Bettler et al., 
2004).    
1.4.3 Subcellular localisation of GABAB receptor subunits 
GABAB1a and GABAB1b isoforms of GABAB1 subunit co-express in most 
neurons, and only form functional receptors together with GABAB2 subunit. 
Deletion of either GABAB1 or GABAB2 subunit impairs both pre- and 
postsynaptic actions, with behavioural deficits including epileptiform activity, 
1. Introduction 
33 
 
impaired memory, hyperactivity and hypothermia (Gassmann et al., 2004). Due 
to a lack of selective immunohistochemistry and pharmacological methods, 
gene knock-out mice for GABAB1a and GABAB1b isoforms have been developed 
to dissect their distribution and functional differences. It has been revealed that 
in several brain regions, GABAB1a and GABAB1b isoforms differentially 
distribute to axonal and dendritic sites, although lacking a uniform distribution 
rule, as shown in the examples below (Gassmann et al., 2012a). Also, it is still 
unknown if the distribution differences apply to all brain regions (Huang, 2006). 
In CA1 pyramidal neurons of the hippocampus, activation of presynaptic 
GABAB heteroreceptors by baclofen (GABAB receptor agonist) effectively 
blocked the excitatory postsynaptic currents (EPSCs) induced by stimulation of 
the Schaffer collateral commissural fibers in both wild-type and GABAB1b
-/-
 
mice, but not in GABAB1a
-/-
 mice (Vigot et al., 2006). This suggests that the 
GABAB1a isoform is expressed on glutamatergic terminals and is required for 
heteroreceptor function. However, recordings of IPSCs in the pyramidal cells 
suggest both GABAB1a and GABAB1b isoforms participate in the formation of 
functional presynaptic autoreceptors on GABAergic terminals. Similar 
experiments reveal that the postsynaptic inhibitory effect of baclofen is mostly, 
although not exclusively, mediated by GABAB1b-containing receptors in the 
CA1 pyramidal neurons (Vigot et al., 2006). 
In Layer 5 pyramidal neurons, GABAB1a and GABAB1b isoforms are also 
assigned to distinct pre- and postsynaptic functions. The integration of 
excitatory synaptic inputs onto the apical dendrites of pyramidal neurons 
generates dendritic Ca
2+
 spikes, which is also facilitated by the back-
propagation of the sodium action potential (Larkum et al., 1999). Local 
inhibitory inputs from interneurons inhibit this dendritic Ca
2+
 spike (Larkum et 
al., 1999). While GABAA receptors mediate the short inhibitory component, 
GABAB receptors mediate the long-lasting component of this inhibition. By 
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taking advantage of the GABAB1a
-/-
 and GABAB1b
-/-
 mice, Pérez-Garci and 
colleagues managed to show that GABAB1b is responsible for the long-lasting 
inhibitory component of Ca
2+
 spike postsynaptically (Huang, 2006; Perez-Garci 
et al., 2006). A closer look at the circuit shows that the autoreceptors in the 
inhibitory axonal terminals are exclusively GABAB1a-containing (Huang, 2006; 
Perez-Garci et al., 2006).    
1.4.4 GABAB receptors and modulation of network oscillation  
During slow-wave sleep, anaesthesia and periods of drowsiness, brain neurons 
exhibit an oscillatory network activity with barrages of persistent activity (up 
states) interrupted by periods of silence (down states). This recurrent network 
activity requires a proportional balance between excitation and inhibition (Shu 
et al., 2003). GABAergic inhibition mediated by GABAA and GABAB receptors 
play different roles in maintaining network oscillation. While gabazine (GABAA 
receptor antagonist) decreases up-state duration in a concentration-dependent 
manner, CGP55845 (GABAB receptor antagonist) increases the duration of the 
up-state (Mann et al., 2009). It is known that layer 1 stimulation of the cortex 
initiates GABAB receptor mediated inhibition in the distal region of pyramidal 
cell apical dendrites (Perez-Garci et al., 2006). In slices where neurons exhibit 
up-down state oscillation, layer 1 stimulation of the cortex after an up-state 
initiation robustly triggered down-state transition through activation of GABAB 
receptors (Mann et al., 2009). 
The thalamic network consists of GABAergic reticular thalamic neurons and 
excitatory thalamocortical neurons, both of which receive corticothalamic 
inputs. While brief bursts of action potentials in reticular neurons activate fast 
GABAA receptor-mediated IPSCs and generate 6-10 Hz spindle waves, 
sustained bursts of action potentials in the reticular nucleus activate slow 
GABAB receptor-mediated IPSCs, setting the oscillation frequency at 3-4 Hz 
(Kim et al., 1997; Blumenfeld et al., 2000).      
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1.5 Mouse visual system 
The mouse visual system has evolved to function in low light conditions with a 
retina that is dominated by rods (Jeon et al., 1998) and lack of long wavelength 
(red) photo-pigment (Calderone et al., 1995). Furthermore, the low visual acuity 
of the mouse visual system means that visual function is limited to simple shape 
discrimination, motion perception and orientation selectivity. However, research 
into the mouse visual system has become more popular in recent years due to 
the ability to assay the impact of defined molecular manipulations on cellular 
and network properties. Pioneering studies in the mouse visual system have 
resulted in many important breakthroughs, such as the discovery of a 
melanopsin-positive intrinsically photosensitive retinal ganglion cell population 
(ipRGC) that entrains circadian rhythms but has little role in image forming 
(Hattar et al., 2002), and the description of a direction-selective retinal ganglion 
cell population (DSGCs) that projects, via the thalamus, to the superficial layers 
of the visual cortex (Cruz-Martin et al., 2014). 
1.5.1 The image forming pathway 
Image formation starts with the retina, where light is converted into 
electrochemical signals by rods and cones (Rodieck, 1998). Visual information 
from the photoreceptor cells is relayed onto bipolar cells and horizontal cells 
before it finally reaches the retinal ganglion cells (RGCs). Although more than 
20 RGCs subtypes have been identified, classical literature characterizes RGCs 
into three major types (Field et al., 2007). In cats and rodents, they are known 
as X, Y and W RGCs (Stone et al., 1993; Nassi et al., 2009). This classification 
is based on morphological and functional differences including spatial 
summation properties, receptive-field size & density, and action potential 
conduction velocity (Enroth-Cugell et al., 1966; Stone et al., 1971; Hochstein et 
al., 1976). Different populations of RGCs send visual information to the visual 
thalamus via the optic tract. Visual thalamus subsequently relays visual input to 
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the visual cortex. Importantly, visual information from the different RGC types 
remains segregated within the lateral geniculate nucleus (LGN) and primary 
visual cortex, although the extent of the segregation differs between species 
(Dacey, 2000; Hendry et al., 2000).  
The dLGN of the rat and mouse has no obvious lamination, with a more 
homogeneous distribution of cell bodies. However, RGC terminals from each 
eye do segregate into distinct regions of the dLGN, similar to cat and primates 
(Hayhow et al., 1962; Muir-Robinson et al., 2002). Parallel pathways of visual 
information does appear to exist in the rat with an inner rostroventral “core” and 
a caudodorsal “shell”. The core receives input from type I RGCs with thick, 
rapid conducting axons; while the shell receives thin, slow conducting afferents 
from type II and III RGCs (Reese, 1988). Moreover, a viral trans-synaptic 
circuit mapping strategy has revealed a dedicated visual circuit with functional 
and anatomical specificity in the mouse dLGN (Figure 6A). Direction-selective 
ganglion cells (DSGCs) project to the shell region, which in turn relay the 
direction-selective information to the superficial layers of V1 (Figure 6B,C) 
(Cruz-Martin et al., 2014). Although functional differences between cell type in 
the mouse dLGN are still not fully characterised, functional electrophysiological 
mapping data in the mouse dLGN has suggested the existence of cell type 
differences responding to different aspects of the visual scene within parallel 
pathways (Grubb et al., 2003).  
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Figure 6. Anatomically segregated pathway carrying direction-tuned visual information from 
mouse retina to visual cortex. A, mouse DSGCs specifically labelled with GFP target exclusively to 
a lateral shell region of the dLGN, and convey direction-tuned visual information to the superficial 
layer of the visual cortex through a unique parallel pathway, which is segregated from non-DSGC 
pathway. B, GFP-positive DSGC terminals in the dLGN. Inset, terminal boutns. OT, optic tract; d, 
dorsal; m, medial. C, merged GFP (DSGC terminals) and red CT-594 (all RGC terminals). Scale 
bar, 125 m.     
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1.5.2 The non-image forming pathway 
A subset of RGCs is now known to express melanopsin, making them 
intrinsically photosensitive (Provencio et al., 2000; Provencio et al., 2002). 
Melonopsin-containing RGCs exhibit distinct properties, with broad-band light 
sensitivity with a peak spectral sensitivity at around 480 nm in the blue/cyan 
range (Walker et al., 2008). The intrinsically photosensitive RGCs (ipRGCs) 
have a high threshold for activation, long latency and a prolonged duration of 
firing before returning to baseline from depolarization (Berson et al., 2002). 
Unlike rods and cones, ipRGCs are irradiance detectors that can operate over 
long periods of illumination and are involved in non-image forming functions 
(Dacey et al., 2005).   
The axons of ipRGCs project to various regions of the brain (LeGates et al., 
2014) (Figure 7A), which are involved in visual tasks that do not require image 
forming (Hattar et al., 2002; Gooley et al., 2003). For example, the projection to 
the suprachiasmatic nucleus (SCN) via the retinohypothalamic tract is important 
for the entrainment of the circadian clock to the 24-hour solar cycle (Gooley et 
al., 2003). Axons of ipRGCs also project to the intergeniculate leaflet (IGL), 
which in turn conveys information to the SCN via the geniculohypothalamic 
tract (Lall et al., 2003). The olivary pretectal nucleus (OPN) receives direct 
input from ipRGC, mediating sustained pupil constriction (Tsujimura et al., 
2010). The superior colliculus (SC) and the ventral/dorsal lateral geniculate 
nucleus (vLGN and dLGN) also receive extensive innervation from ipRGC, 
which are believed to provide irradiance information to the image forming 
pathway (Brown et al., 2010). There are a few other brain centres receiving 
sparse input from the ipRGCs, including the lateral hypothalamus, ventrolateral 
preoptic nucleus (VLPO) and subparaventricular zone (SPZ), providing 
additional pathways for influencing circadian rhythm and sleep regulation 
(Gooley et al., 2003) (Figure 7B). Other photoresponses mediated by ipRGCs 
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include light suppression of activity, acute suppression of melatonin synthesis 
and secretion, and light exacerbation during migraine attacks (Hatori et al., 
2010). 
 
     
Figure 7. ipRGCs project to numerous brain regions, including many that have a role in driving 
light-mediated behaviours. A, major target for ipRGCs include SCN, IGL, dLGN, vLGN and 
OPN. B, ipRGCs project to various brain regions, regulating light-mediated behaviours, 
including circadian rhythm, sleep, light-induced suppression of activity. ipRGCs also 
innervate nuclei involved in depression and anxiety, such as the medial amygdala (MA), 
lateral habenula (LHb) and subparaventricular zone (SPZ) (highlighted in green), indicating a 
possible direct role of light on mood. Modified from LeGates et al., 2014.   
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1.6 The visual thalamus 
The dLGN is the primary thalamic nucleus responsible for relaying visual 
information from retina to V1. Although it has long been perceived as a simple 
relay station, recent studies have suggested the dLGN could be a more complex 
integration centre, involved in multiple ascending, descending and recurrent 
visual circuits (Sherman et al., 2002; Alitto et al., 2003). Indeed, the 
glutamatergic retinogeniculate terminals only account for 5-10% of all synaptic 
inputs to LGN relay cells, while other major input to relay cells include 
GABAergic inputs from local neurons (reticular cells and interneurons), 
glutamatergic input of layer 6 of V1, and cholinergic input from the midbrain 
(Van Horn et al., 2000).    
1.6.1 X, Y and W types of relay neurons 
LGN relay neurons in cats and rats have been classified into X, Y, and W cells 
based on their conduction velocity, receptive field size, linearity of spatial and 
temporal summation to visual stimuli, and response to fast-moving stimuli 
(Enroth-Cugell et al., 1966; Cleland et al., 1971; Hoffmann et al., 1972). LGN 
X and Y cells have been well characterized (Enroth-Cugell et al., 1966; Cleland 
et al., 1971; Sestokas et al., 1988). The W cells can be distinguished from X and 
Y cells by much slower conducting axons, late responses to visual stimuli, poor 
spatial/temporal resolution, but this group appears to be more heterogeneous 
(Enroth-Cugell et al., 1966; Spear et al., 1989). Elegant work by Friedlander 
and Sherman demonstrates that the functionally different thalamic relay neuron 
cell types exhibit clear morphological differences (Friedlander et al., 1981a; 
Wilson et al., 1984b; Sherman et al., 2002). The dendritic arbors of X cells are 
bipolar, lying perpendicular to the lamination; while the dendrites of Y cells 
tend to be arranged radially around the soma (Figure 8A). X cell soma are 
smaller than those of Y cells, with thinner dendrites possessing many 
appendages situated near primary branch points, where they receive both 
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dendrodendritic (F2) input from interneurons and retinal input. In contrast, the 
dendrites of Y cells are thicker and smooth, with few appendages (Friedlander 
et al., 1981b; Sherman et al., 2002).  
Morphologically different cell types in the mouse dLGN have been investigated 
in recent publications (Bright et al., 2007; Krahe et al., 2011). It‟s estimated that 
half of the cells in the mouse dLGN are radially symmetric Y cells, a quarter of 
cells are bipolar X cells, and the other quarter cells are defined as hemispheric 
W cells by morphology (Krahe et al., 2011). However, for the mouse dLGN it 
has not been established whether these morphologically distinct relay neuron 
types receive input from specific RGC types, or have any molecular or 
functional differences at all. 
1.6.2 Tonic and burst firing mode 
The firing properties of a relay neuron are greatly dependent upon the 
membrane potential. When the relay neuron is depolarized, the low threshold T 
(transient)-type voltage-gated Ca
2+
 channels found in the soma and dendrites 
(Jahnsen et al., 1984b; Jahnsen et al., 1984a; Mccormick et al., 1992) are 
inactivated. Under this condition, relay neurons respond to excitatory input 
linearly with so-called “tonic” action potential firing (Figure 8B). Upon 
hyperpolarization, the T-type Ca
2+
 channels are de-inactivated, and they can 
now be activated by a subsequent depolarising input. This inward Ca
2+
 current 
evoked by the action of T-type Ca
2+
 channels results in a prolonged low 
threshold spike in an all-or-non fashion, which leads to a burst of high 
frequency action potentials. This relay neuron firing mode is termed “burst 
firing”. The relay neuron mode change has clear physiological implications. 
Low-threshold burst firing of thalamic relay neurons is a key characteristic of 
deep non-REM sleep with the synchronous delta and slow wave oscillation, 
blocking sensory input from reaching the cortex (Cope et al., 2005a; Franks, 
2008).     
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Figure 8. X, Y types of thalamic relay neurons and tonic, burst firing mode. A, The Y cell, which 
receives predominantly F1 (axonal) inputs from the interneuron onto proximal dendrites, has 
a fairly simple, radiate dendritic arbor with few appendages. The X cell has a bipolar 
dendritic tree, oriented perpendicular to laminar borders, with clusters of grapelike 
appendages near primary branch points. These are not spines, lacking the apparatus found in 
true spines in cortex and hippocampus, but are simple appendages that represent a local 
bulging of the dendrite. They mark the postsynaptic targets of both F2 (dendritic) interneuron 
terminals and retinal terminals. B, When the cell is relatively depolarized, T-type Ca
2+
 
channel is inactivated and the cell responds to stimulus with a stream of action potentials. 
This is the tonic mode of firing. When the cell is relatively hyperpolarized, T-type Ca
2+
 
channel is de-inactivated and the current pulse activates a low threshold spike with several 
action potentials riding its top. This is the burst mode of firing. A was modified from 
Sherman, 2004.  
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1.6.3 The dLGN interneurons 
Local dLGN interneurons comprise around 20-25% of all neurons in the visual 
thalamus; the remainder being relay neurons (Lieberman, 1973; Arcelli et al., 
1997) (Figure 9A). Interneurons are thought to enhance surround inhibition, 
further sharpening the receptive field properties of relay neurons (Norton et al., 
1989; Norton et al., 1992). 
An unusual feature of dLGN interneurons is their contribution to dendro-
dendritic GABA release within the triad of the thalamic glomerulus (Rafols et 
al., 1973; Hamos et al., 1985). While interneuron axonal terminals form a 
simple synapse onto the dendrites of both X- and Y-type thalamic relay 
neurons; the interneuron dendrite contributes to a triadic structure with RGC 
input and the dendrites of X-type cells (Figure 9B). In the triad circuitry, a 
single RGC axonal terminal contacts both an interneuron dendrite and a 
dendritic appendage of the X-type relay neuron. Within this structure, the 
interneuron dendrite releases GABA onto the X-type thalamic relay neuron. 
Thus, the interneuron dendrite in the triad structure both serves as a recipient of 
RGC input and a GABAergic output to the X-type relay neuron (Sherman, 
2004). The triad synapses are found within a glomerulus, enclosed in a glia 
sheath, possibly affecting the uptake and spillover of neurotransmitter 
(Szentagothai, 1963; Rossi et al., 1998).  
In recent years, the cellular properties of dLGN interneurons and their unusual 
triad circuit have become more and more clear. First of all, synaptic input onto 
the dLGN interneuron triggers different types of spikes depending on the 
membrane potential of the interneuron (Figure 9C). Single short latency sodium 
spikes are evoked when the interneuron is slightly depolarized; while long 
latency sodium spikes ride on a prolonged calcium spike and are evoked at 
more hyperpolarized potentials (Acuna-Goycolea et al., 2008). Single sodium 
spikes triggered by somatic current injection, evoked calcium signals in axonal 
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boutons, and dendritic protrusions with no attenuation, which can potentially 
lead to both axonal and dendritic GABA release (Acuna-Goycolea et al., 2008). 
In the presence of the sodium channel blocker TTX, calcium spikes in the soma 
elevated calcium throughout the dendritic arbour with little attenuation. 
However, little or no calcium signal was detected in axon terminals (Acuna-
Goycolea et al., 2008). Glutamate uncaging results suggest that activation of 
dendritic GABA release is mediated by AMPA/NMDA receptor dependent L-
type calcium channel recruitment (Crandall et al., 2012b). Activation of the 
interneuron dendrites, which are usually located in the distal region of the 
interneurons, is believed to be a local effect, which does not result in global 
dendritic release (Crandall et al., 2012b).      
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Figure 9. dLGN interneurons. A, Example of interneuron and thalamocortical relay cell 
morphology. B, The basic circuitry of a triad located within a glomerulus. A retinogeniculate 
(RG) terminal forms an excitatory synapse onto both a thalamocortical (TC) relay neuron and 
an interneuron dendrite (INT: F2 terminal). In turn, the interneuron dendrite (F2 terminal) 
forms an inhibitory synapse onto the same TC dendrite. C, Current-clamp recordings from 
LGN interneurons were performed while stimulating the optic tract at progressively higher 
intensities from 0 to -60 mA (indicated by the black arrow, 5 mA steps). In this representative 
experiment, the same RGC stimulus protocol was repeated when the interneuron was 
maintained at -60, -70, or -75 mV. Modified from Acuna-Goycolea et al., 2008; Crandall et 
al., 2012. 
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1.7 Sox14, a GABAergic progenitor marker for the 
subcortical visual shell  
1.7.1 Sox14 gene and subcortical visual shell 
Sox14 belongs to a family of Sox transcription factors that are characterized by a 
HMG DNA binding domain (Hargrave et al., 2000a). Sox14 is believed to be a 
transcriptional repressor that controls the fate of GABAergic progenitors in the 
rostral part of the embryonic thalamus (Uchikawa et al., 1999; Hargrave et al., 
2000a; Kataoka et al., 2008).  As such, Sox14 is initially found in the 
subcortical visual shell (SVS) that includes the intergeniculate leaflet (IGL), 
ventral lateral geniculate nucleus (vLGN) and the olivary pretectal nucleus 
(OPN) (Delogu et al., 2012). The SVS is a major target for the ipRGCs that 
underlie the non-image forming visual pathway that mediates photo-entrainment 
of the circadian rhythm and induction of the pupillary light reflex (Gooley et al., 
2003; Lall et al., 2003; LeGates et al., 2014). Sox14 has been shown to regulate 
neuronal migration within the SVS. In Sox14-deficient mice, the position of the 
OPN is not affected but Sox14-deficient neurons fail to migrate from the IGL to 
the vLGN. Moreover, Sox14 knockout mice were not able to entrain the phase 
of the circadian clock accurately to the phase of the light/dark cycle, and light 
onset did not cause a sustained suppression of motor activity (Delogu et al., 
2012).   
The Sox14 gene has been shown to play an important role within the SVS, but 
the role of Sox14 cells in the dLGN has not been examined. Indeed, using 
GAD67-GFP mice, it has been shown that during the first postnatal week 
(Golding et al., 2014a) GABAergic cells migrate into the dLGN from the 
superficial layers below the optic tract. Bilateral optic nerve sectioning (ONS) 
before P12 was also shown to disrupt the incorporation of interneurons into the 
dLGN (Golding et al., 2014a). The GAD67-GFP mouse strain has often been 
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used to study dLGN interneuron function (Tamamaki et al., 2003; Acuna-
Goycolea et al., 2008; Antal et al., 2010; Jurgens et al., 2012; Seabrook et al., 
2013). However, although GABAergic neurons contain both the 67 kDa isoform 
(GAD67) and the 65 kDa isoform (GAD65) of the GAD enzyme (Tamamaki et 
al., 2003), GAD65 and GAD67 can be differentially expressed in some neurons 
(Fish et al., 2011; Hammer et al., 2014). In particular, GAD65 and GAD67 are 
differentially distributed in the mouse LGN. Although GAD67
 
terminals are 
located in the dLGN, GAD65 terminals are restricted to the IGL and GAD65/67 
terminals are present in the vLGN (Hammer et al., 2014).  
Observations on gene expression patterns have led to the suggestion that a two-
stream migration pathway could be involved in the formation of the inhibitory 
network within the dLGN. At E15.5, Otx2
+
 interneurons form a ventral stream 
between the third ventricle and the vLGN/IGL and Tal1
+
/Sox14
+
 interneurons 
form a dorsal stream (Delogu et al., 2012; Golding et al., 2014b) (Figure 10A, 
B). However, at E18.5, the expression pattern of Otx2
+
 and Tal1
+
 overlap 
(Golding et al., 2014a). Evidence suggests that dLGN interneurons originate 
from the Otx2
+
 cells that migrate from the vLGN/IGL. After birth, tamoxifen-
induced Otx2 gene knockout stops migration of cells from the vLGN to the 
dLGN (Golding et al., 2014a) (Figure 10C, D). However, the postnatal fate of 
the Tal1
+
/Sox14
+
 cell population is not known. It is conceivable that dLGN 
interneurons arise from two distinct populations, namely the Otx2
+
 and the 
Tal1
+
/Sox14
+
 cells. Conversely it could be that Otx2
+
 and Tal1
+
/Sox14
+
 cells 
are homogeneous groups in adulthood, although these two transcription factors 
show different expression pattern during embryogenesis. 
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Figure 10. Otx2 and Sox14, GABAergic progenitor markers in the lateral geniculate complex. A, 
At E15.5, Otx2
+
 interneurons (red arrowheads) form a ventral migration stream between the 
third ventricle and the vLGN. B, At E15.5, Tal1
+
Sox14
+
 interneurons (red arrowheads) form 
a dorsal stream between the third ventricle and vLGN. Although Golding and colleagues 
suggested Otx2
+
 and Tal1
+
Sox14
+
 interneurons were two distinctive interneuron populations 
based on their expression pattern at E15.5, their distribution overlapped in the vLGN at 
E18.5. C, GAD67 interneuron distribution within vLGN/dLGN in wild type Otx2
+/+
 mice. D, 
Loss of interneurons in the dLGN at P20 resulted from P0 injection of tamoxifen in 
Otx2
CreERT2
/Otx2
flox
 mice. Scale bars represent 100 µm. Modified from Golding et al., 2014 
and Delogu et al., 2012.         
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1.7.2 Distribution of Sox14 neurons in dLGN 
To better understand the mechanism of inhibition within the dLGN, we decided 
to investigate dLGN local interneurons, with Sox14
gfp/+
 and Sox14
cre/+
 transgenic 
mice, in which the cDNA for eGFP and Cre have been inserted by homologous 
recombination. Sox14 expression is maintained during embryogenesis, and is 
characterised by co-expression of classical GABAergic markers such as GAD1 
(Delogu et al., 2012). During embryonic development, Sox14 expression is 
detected in parts of the thalamus (IGL, vLGN), caudal pretectum, ventromedial 
hypothalamus (VMH) and medial preoptic area (Delogu et al., 2012). 
We are particularly interested in Sox14 expression within the LGN, and we have 
taken advantage of the fact that Sox14
gfp/+
 mouse line can be considered a wild 
type animal with Sox14 neurons specifically labelled with GFP. At postnatal age 
21, Sox14-GFP is densely labelled in the IGL and sparsely expressed in the 
dLGN, as shown in figure11 A, B (Courtesy of Alessio Delogu, unpublished 
data). GABA staining merged with GFP revealed that all Sox14 neurons are 
GABA positive (Figure 11A2, B2, A4, B4). Interestingly, in Sox14
gfp/cre
 animal, 
Sox14-GFP neurons are almost absent in the dLGN, with only few GFP positive 
cells present (Figure 11C, D). This suggests all Sox14 neurons are GABAergic, 
and the majority of GABAergic neurons are Sox14 positive. 
Our collaborator Alessio Delogu performed dLGN imaging at different time 
points during development. GFP were densely labelled in the IGL and vLGN 
from P0 to P5 (Figure 12). At P0, P1, there were only few Sox14-GFP cells in 
the superficial tiers of the dLGN. From P2 to P5, Sox14-GFP started to 
distribute homogeneously in deeper tiers of the dLGN (Figure 12).  
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Figure 11. Distribution of Sox14
gfp/+ 
and Sox14
gfp/cre 
neurons in the dLGN. A, rostral section of 
Sox14
gfp/+
 dLGN. B, caudal section of Sox14
gfp/+
 dLGN. C, rostral section of Sox14
gfp/cre
 
dLGN. D, caudal section of Sox14
gfp/cre
 dLGN. A1-D1, merged GFP and GABA staining of 
dLGN at 10x magnification. A2-D2, merged GFP and GABA staining of dLGN at 20x 
magnification. A3-D3, GFP staining of dLGN. A4-D4, GABA staining of dLGN. (Courtesy 
of Alessio Delogu, unpublished) 
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Figure 12. Migration of Sox14
gfp/+ 
neurons to dLGN from P0-P5. Left to right column, sections 
of vLGN and dLGN from postnatal day0 to day5. Top to bottom row, rostral to caudal 
section of vLGN and dLGN. GFP-positive Sox14 neurons were densely located in IGL, as 
well as vLGN. Numbers of GFP-positive Sox14 neurons in the dLGN increased dramatically 
from P0 to P5. (Courtesy of Alessio Delogu, unpublished) 
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1.8 Summary of Aims and Objectives 
The functional/anatomical organization of the mammalian visual system is most 
often studied in cats or primates, whereas, the cellular/molecular properties of 
neurons within the visual system are more commonly explored in the rat or 
mouse. Inhibitory control within the mouse dLGN is similar to that of cats and 
primates in so far as the mouse dLGN contains GABAergic input from both the 
reticular nucleus and local interneurons. These two inhibitory inputs contribute 
to ~30% of synapses in the dLGN (Sherman et al., 2002) and these two 
GABAergic drives are responsible for activation of both GABAARs and 
GABABRs in the dLGN. 
In my PhD studies, I have exploited the availability of transgenic mouse lines to 
investigate inhibitory mechanisms within the dLGN combining genetic 
manipulations with functional assays including optogenetic techniques. My 
principal methodology has been electrophysiology but, I have also made use of 
confocal imaging to characterise specific anatomical features and developed 
behavioural tests to monitor visual function (see Chapter 2 for a description of 
materials and methods).  
 Chapter 3 describes experiments on the HDC-2 transgenic mouse 
strain, which were designed to examine the impact of removing synaptic 
2 subunit-containing GABAARs on dLGN relay neurons. Whole-cell 
voltage-clamp recordings from acute slice preparations of the adult dLGN 
were used to explore the significance of GABAAR subunit 
heterogeneity for thalamic relay neurons. Confocal imaging of 
fluorescently labelled relay neurons was combined with these 
electrophysiological assays to examine how specific 2 subunit-
containing GABAARs may be targeted to morphologically distinct relay 
neuron types.  
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 Chapter 4 describes experiments performed on the HDC-GABAB1 
mouse strain that were developed to assay the contribution of GABABRs 
to dLGN relay neuron excitability. Whole-cell current-clamp recording 
was principally used to monitor the importance of G-protein coupled 
modifications following the removal of GABABRs.  I describe the results 
of visual recognition tasks that were developed to monitor the impact of 
GABABR removal and in vivo recording techniques for detecting 
thalamocortical functional abnormity.  
 Chapter 5 describes a series of experiments that were designed to 
determine whether Sox14 expressing cells contribute to the population of 
local interneurons found within the dLGN. Sox14
gfp
 mice were used to 
characterize the properties of Sox14 cells within the dLGN. Sox14
Cre
 
transgenic mice were used to target channelrhodopsin to Sox14 cells and, 
therefore, use optogenetics to examine the consequence of GABA release 
from Sox14 expressing cells for activation of GABAARs in thalamic relay 
neurons of the dLGN. 
Finally, in Chapter 6 I will discuss the wider significance of the results 
described in Chapters 3, 4 & 5.  
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2. Materials and methods 
All procedures involving experimental mice were carried out in accordance with 
the United Kingdom Animals (Scientific Procedures) Act 1986 and were 
approved by Imperial College Research Ethics Committee (ICREC). 
2.1 Generation of transgenic mice and genotyping 
2.1.1 Generation of HDC-Δ2 mice 
To generate HDC-Δ2 mice, homozygous 2I77lox, HDC-Cre negative mice 
were crossed with heterozygous 2I77lox, HDC-Cre positive mice (figure 11A, 
C).  Offspring 2I77lox/ 2I77lox with Cre mice are HDC-Δ2 (HDC- 2-/-) 
mice,2I77lox/ 2I77lox without Cre and 2I77lox/ wt without Cre mice are 
considered “wild-type” control mice. 
2I77lox line has been generated in our lab previously. Two loxP sites were 
inserted in intron 3 and intron 4 of the 2 subunit gene, respectively (Wulff et 
al., 2007; Zacharia et al., 2012). At the same time, the codon of phenylalanine 
(F) at position 77 in the floxed 2 subunit gene was mutated to isoleucine (I) in 
exon 4 (Figure 13A). Zolpidem sensitivity was eliminated in a variety of cells 
tested with the 2I77lox mutation (Cope et al., 2004; Cope et al., 2005). 
However, the physiological properties of the GABAA receptors, as well as the 
mice phenotype were unchanged in 2I77lox strain (Cope et al., 2004; Wulff et 
al., 2007). Mice ear notches were collected before experiments and genotyped 
by PCR with the following primers: forward: 5‟-GTCATGCTAAATAT-
CCTACAGTGG-3‟; reverse: 5‟-GGATAGTGCATCA-GCAGACAATAG-3‟ 
(213 bp wild-type; 250 bp floxed allele) (Figure 13B). 
HDC-Cre mice were previously generated in our lab by homologous 
recombination, inserting the IRES-Cre cassette into exon 12 of the hdc gene, 
between the stop (TAG) codon and the polyadenylation (pA) signal (Zecharia et 
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al., 2012). Offspring were genotyped by PCR using genomic DNA from ear 
notches with the following primers: forward: 5‟-GTGTGGCTGCCCCTTCTG-
CC-3‟; reverse: 5‟-AGCCTCACCATGGCCCCAGT-3‟ (250bp) (Figure 13A, 
B). Although hdc expression was only restricted to the TMN region of the brain 
in adult mice which were shown in HDC-EGFP mice and in situ hybridization 
of wild-type mice, adult brains of HDC-Cre x YFP reporter mice (Figure 14A) 
revealed transient hdc-Cre gene expression in dLGN during development 
(Zecharia et al., 2012), as shown in figure 14B, C. 
2.1.2 Generation of HDC-ΔGABAB1 mice 
To generate HDC-ΔGABAB1 mice, homozygous GABAB1lox, HDC-Cre 
negative mice were crossed with heterozygous GABAB1lox, HDC-Cre positive 
mice (figure 13D). Offspring GABAB1lox/ GABAB1lox with Cre mice are HDC-
ΔGABAB1 (HDC-ΔGABAB1
-/-
) mice, GABAB1lox/ GABAB1lox without Cre and 
GABAB1lox/ wt without Cre mice are used as “wild-type” control mice. 
Floxed GABAB1 mice were kindly provided by Dr. Bernhard Bettler. Lox511 
sites were inserted inside the introns surrounding exons 7 and 8 of the GABAB1 
gene. GABAB1
-/-
 mice do not have functional GABAB receptors (Haller et al., 
2004). While GABAB1a and GABAB1b protein have no expression in GABAB1
-/-
 
mice, GABAB2 protein level is reduced, as a result of GABAB1 and GABAB2 
protein cross-stabilization (Prosser et al., 2001; Haller et al., 2004). Genotyping 
of the floxed GABAB1 mice were conducted by PCR using offspring tail tips, 
with the following primers: forward: 5‟-TGGTGTGTCCTACATGCAGCGGA-
CGG-3‟; reverse: 5‟-GCTCTTCACC-TTTCAACCCAGCCTCAGGCAGGC-3‟ 
(526 bp wild-type; 742 bp floxed allele) (Figure 13B). 
2.1.3 Sox14
gfp/+
 and Sox14
cre/+
mice 
Sox14
gfp/+
 and Sox14
cre/+
 mutant mice were maintained and genotyped at King‟s 
College London by our collaborator Dr. Alessio Delogu, in which the sox14 
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coding sequence was replaced by the eGFP gene and Cre gene respectively 
(Crone et al., 2008; Delogu et al., 2012). 
 
Figure 13. Breeding strategy for HDC-Δ2 and HDC-ΔGABAB1 mouse line. A, HDC-Cre line 
was generated by placing IRES-Cre between the stop codon (TAG) and the polyadenylation 
site of the hdc gene. 2I77lox line was generated by inserting loxP sites in intron 3 and intron 
4 of the 2 sbunit gene respectively, with the codon of phenylalanine (F) at position 77 in the 
floxed 2 subunit gene mutated to isoleucine (I) in exon 4 at the same time. GABAB1lox line 
was generated by inserting Lox511 sites in the introns surrounding exons 7 and 8 of the 
GABAB1 gene respectively. B, PCR results for 2I77lox, GABAB1lox, HDC-Cre and 
respective wild-type genes. C, Heterozygous 2I77lox, HDC-Cre positive mice were crossed 
with homozygous 2I77lox, HDC-Cre negative mice to generate HDC-Δ2 mice. D, 
Similarly, heterozygous GABAB1lox, HDC-Cre positive mice were crossed with 
homozygous GABAB1lox, HDC-Cre negative mice to generate HDC- ΔGABAB1 mice. 
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Figure 14. Cre expression in dorsal lateral geniculate nucleus (dLGN) from HDC-YFP mice. A, 
HDC-Cre mice were crossed with YFP reporter mice (Rosa-loxP STOP loxP-YFP) to locate 
the cre expression in adult mice brain. B, Coronal section of adult HDC-YFP mouse brain 
stained with anti-GFP antibody. C, Merged GFP with DAPI in dLGN. (Courtesy of Zahra 
Aboukhalil and Xiao Yu) 
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2.2 Cre-dependent ChR2 AAV and stereotactic injection 
Adeno-associated virus (AAV) type 2 carrying cre-dependent ChR2-
eYFP (Addgene plasmid 20298, pAAV-EF1a−double floxed−hChR2 (H134R)-
EYFP-WPRE-HGHpA) was prepared by Xiao Yu in our lab (Figure 15). This 
AAV construct was used throughout all the experiments involved in the thesis, 
unless stated otherwise. The Chr2-eYFP plasmid contained a H134R point 
mutation in Chr2 gene for achieving higher currents (Nagel et al., 2005). 
Although H134R mutant slowed down channel kinetics (Nagel et al., 2005; 
Berndt et al., 2011), it was sufficient enough for all our experiment purposes.  
Postnatal day 16 (P16) Sox14
cre/+
 mice of both sex were injected with 0.5µL 
virus bilaterally into lateral geniculate nucleus of the thalamus by Dr. Alessio 
Delogu. Electrophysiological experiments were performed 2 weeks after 
surgery. 
 
 
        
Figure 15. Cre-dependent AAV vector with a double floxed, inverted Chr2-eYFP fusion gene. 
Following AAV transduction into Cre-expressing neuron, Cre recombinase recognises the 
doubly floxed sites. The Chr2-eYFP sequence was irreversibly inverted and successfully 
expressed in the Cre-expressing neuron.  
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2.3 Electrophysiological methods 
2.3.1 Acute slice preparations 
Brain slices were obtained from both male and female adult (>1 month 
postnatal) HDC-Δ2, HDC-ΔGABAB1 and control mice which were sacrificed 
by cervical dislocation followed by decapitation. For Sox14 experiments, mice 
were between postnatal day 22 and 30. The brain was rapidly removed from the 
skull and immersed in ice cold slicing solution composed of (in mM): 85 NaCl, 
2.5 KCl, 1 CaCl2, 4 MgCl2, 1.25 NaH2PO4, 26 NaHCO3, 75 sucrose, 25 glucose, 
pH 7.4 when bubbled with 95% O2 and 5% CO2. The cerebellum was removed 
and the remaining forebrain was then glued to the centre of the vibratome stage 
with the surface of the cut facing down. The ice cold slicing solution was 
subsequently poured into the slicing tray to submerge the tissue block. Coronal 
brain slices (250 µm thickness) were cut with a vibratome tissue slicer 
(Campden Instruments) and immediately transferred to a holding chamber 
containing slicing ACSF aerated with 95% O2/ 5% CO2. Slices were then 
transferred to a 37 °C heat block for 10 min, after which the slicing ACSF was 
exchanged for recording ACSF (in mM: NaCl 125, KCl 2.5, CaCl2 2, MgCl2 1, 
NaH2PO4 1.25, NaHCO3 26, glucose 11, pH 7.4 when bubbled with 95% O2 and 
5% CO2). The slices were incubated in the recording ACSF at room temperature 
for at least another 10 minutes prior to electrophysiological recordings. 
2.3.2 Whole-cell recording equipment 
To visualize the neurons in slices, a fixed-stage upright microscope (Olympus 
BX51W1) fitted with a water-immersion objective (Olympus, 60 X) and a non-
immersion objective (Zeiss, 1.25 X) was used. The microscope was equipped 
with an Olympus TH4-200 halogen light source. An optic Dodt-gradient-
contrast system (Luigs & Neumann) was mounted between the microscope 
stand and the lamp housing, together with a near infrared-passing filter 
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positioned in the illumination path for better depth penetration of the light. The 
images were captured by a near infrared charge-coupled device (CCD) camera 
(C7500-51, Hamamatsu CCD camera), which were subsequently displayed on 
the computer monitor via a frame grabber. 
Whole-cell recordings were performed with a Multiclamp 700B amplifier 
(Molecular Devices). The analogue output was low-pass filtered at 10 kHz, 
digitized at 20 kHz using a BNC-2120 device (National Instruments), and 
analysed using WINWCP and WINEDR software (John Dempster, University 
of Strathclyde, UK).  
All components of the electrophysiological apparatus were grounded to one 
earth point, which was also connected to the signal ground of the Multiclamp 
700B. 
2.3.3 Whole-cell recording procedures 
The recording chamber was perfused with carbogen-saturated ACSF with a 
flow rate of 2-5 ml/min using a gravity perfusion system. The solution in the 
chamber was removed by a suction line connected to a peristaltic pump 
(Pharmacia Biotech P-1) at a speed which kept the level of the recording 
chamber stable. Thereafter, a slice was placed in the middle of the recording 
chamber, and immobilized by placing a nylon net on top of the slice, which was 
made of platinum ring with nylon wire glued across it. 
After locating the region of interest under low magnification objective, neuron 
visualization was achieved by switching to the high magnification objective. 
Although the quality of the slices vary on a daily basis, even different slices on 
the same day, or different regions in one single slice, the general guideline is 
that cells with a smooth outline and a soft, spongy appearance are more viable, 
compared with cells exhibiting shiny, wrinkled surfaces. Also, slices prepared 
from juvenile mice were much healthier in general than cells observed in adult 
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mice (>1 month old), possibly because they are more resistant to hypoxia 
compared with adult ones during preparation procedures. 
Patch pipettes were fabricated with a two-step vertical puller (Narishige, PC-
10), using thick-walled borosilicate glass capillaries (1.5 mm o.d., 0.86 mm i.d., 
Harvard Apparatus). The tip resistance was 3-5 MΩ when back filled with 
internal solution. 
For whole-cell voltage-clamp recordings, the patch pipettes were filled with Cs-
based internal solution containing following (in mM): CsCl 140, NaCl 4, 
CaCl2 0.5, HEPES 10, EGTA 5, Mg-ATP 2, pH 7.3, adjusted with CsOH. Once 
the pipette was in solution (especially when it contacted the slice tissue), 
positive pressure was constantly applied to the back of the pipette. When the 
pipette was close to the cell of interest, positive pressure was reduced and the 
pipette was slowly moved forward until it touched the surface of the cell. At this 
point a slight increase in pipette resistance occurred and the positive pressure 
was released. A gentle continuous suction was then applied to the pipette, which 
assisted the sealing process greatly. The command potential at this point was set 
to -70mV to achieve a successful seal. Once a gigaohm resistance seal was 
established, brief suction pulses were applied until the membrane immediately 
beneath the pipette was ruptured and a good “break-through” was obtained. 
Recordings of current response to a 10mV voltage step in the whole cell mode 
were saved by WinWCP software for off-line measurement of capacitance, 
input conductance and series resistance.  
For whole-cell current-clamp recordings, we used internal solution containing 
the following (in mM): 145 K-gluconate, 4 NaCl, 5 KCl, 0.5 CaCl2, 5 EGTA, 
10 HEPES, 4 Mg-ATP, and 5 sucrose, pH 7.3, adjusted with KOH. The 
procedures to achieve a good break through were the same as voltage-clamp 
recordings demonstrated above. After break through, the recording 
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configuration was switched to current-clamp mode on the multiclamp 700B 
amplifier. From this point onward, spontaneous neuronal activity and drug 
response were recorded with WinEDR software. 
2.3.4 Morphological reconstructions and immunostaining 
For GFP and NeuN staining, coronal slices were cut into 30 µm sections after 
transcardial perfusion and incubated in rabbit anti-GFP (1:1000; molecular 
probes) and mouse anti-NeuN (1:300; Millipore) overnight. Secondary 
antibodies were Alexa Fluor 488 goat anti-rabbit (1:1000; life technologies) and 
Alexa Fluor 594 goat anti-mouse IgGs (1:1000; life technologies), and were 
incubated for 2 hours at room temperature. Slices were mounted in Vectashield 
mounting medium with DAPI (H1200, Vector labs). 
In most cases, biocytin (2mg/ml) was added to the internal solution and patch 
pipette was slowly pulled away from the neuron after whole-cell recording. The 
slice tissue was then preserved in 4% paraformaldehyde for over 48 h. To start 
the immunostaining process, paraformaldehyde was washed off with ice cold 
Phosphate Buffered SAaline (PBS) 3 times, 10 min each time. Slices were then 
blocked and permeabilized with 5% donkey serum and 0.2% Triton-X in PBS 
based solution at room temperature for 1-2 hours. After washing with PBS for 
10 min, slices were submerged in 2mg/ml Streptavidin, Alexa Fluor 555 
Conjugate (Life Technologies) added PBS solution with 1% donkey serum and 
0.2% Triton-X for 3-4 hours at room temperature. Subsequently, slices were 
washed again in PBS for 3 times, 10 min each, and then mounted on slides with 
mounting medium (H-1000, Vectashield). 
Individual neurons were imaged using a Zeiss LSM 510 CLSM microscope 
(Facility for Imaging by Light Microscopy, FILM, Imperial College) by Dr. 
Stephen Brickley and William Foster, with a He-Ne 543nm laser and filter 
settings optimised for an Alexa-555 emission peak at 565 nm. The numerical 
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aperture of the 40x oil-immersion objective was 1.3, the emission wavelength 
was 700 nm, and the refractive index was of our mounting medium was 1.516. 
Given these parameters, the optical section thickness was set at 1.02 μm. The 
confocal pinhole was set to one Airy unit and scan speeds were typically set to 
9.3 seconds/slice with the photomultiplier gain adjusted to avoid saturation of 
the fluorescent signal. Optical sections were over-sampled in the x, y and z 
dimensions (0.1 µm, 0.1 µm, 0.49 µm) to satisfy Nyquist theorem and each 
pixel intensity was recorded at 32-bit resolution to optimise dynamic range. 
Optical sections obtained following confocal imaging were imported into 
Reconstruct® (Fiala, 2005) where the x, y and z Cartesian coordinates of each 
dendrite branch point and end point were normalized with respect to the soma 
centre and converted into spherical coordinates according to  
           ,           
 
 
 , and           
 
 
 . Sholl analysis 
(Friedlander et al., 1981b) was applied to characterize the dendritic distribution, 
with the spherical field divided into four quadrants, two in horizontal plane, two 
in vertical plane. The polar score was calculated as the ratio of dendritic 
intersections in horizontal plane versus vertical plane, or vice versa 
(maximum/minimum). A polar score close to 1.0 represents a cell with equal 
numbers of dendrites in both horizontal and vertical axial plane. A polar score 
that deviates far from 1.0, represents a cell with more dendritic intersections in 
one plane than the other. 
2.3.5 Optogenetic equipment and calibration 
A blue (470 nm) collimated LED (M470L3-C1, Thorlabs) was mounted to the 
back of the microscope, and the blue light was reflected by a GFP filter cube to 
the slice through the objective lens. The LED was driven by LED-driver 
(LEDD1B, Thorlabs) which was controlled by various self-programmed 
WinWCP and WinEDR stimulus protocols for intensity and duration 
modulation. In brief, voltage signals from stimulus protocols trigged LED light 
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output through the LED-driver, which in turn activated channelrhodopsin 
receptors. 
For a better understanding of light-induced channelrhodopsin activation, we 
calibrated the LED output, and characterized the channelrhodopsin response. To 
calibrate the LED in response to the stimulus protocols, we measured the LED 
output as a function of time with a power meter (PM100D, Thorlabs). The 
recording chamber was removed and replaced by the photodiode power sensor 
at the same horizontal plane, to ensure a similar distance between the objective 
and the detector. We also measured the channelrhodopsin current of neurons, in 
addition to LED output, in response to the same stimulus protocols. Both 
channelrhodopsin currents and optical power measurements were subsequently 
aligned for comparison as shown in figure 16A, B.  
During a 0 to 1 V ramp protocol lasting 8 seconds, the optical power signal 
could not be detected until the ramp reached 180 mV, indicating a minimum 
start-up voltage for LED output initiation. The optical power increased linearly 
to a maximum power of 70 µW /mm
2
 at 1 V (figure 16A). With the same 1 V 
ramp protocol, the channelrhodopsin current started at 1.5 µW /mm
2
, 30ms after 
the optical power initiation, suggesting a minimum optical power was also 
required for channelrhodopsin activation.  
A 1 ms, 1 V brief pulse protocol gave rise to a transient optical power response 
peaking at 40 µW /mm
2
 with a 0.73 ms rise time (10%-90%) and a 9.65 ms 
decay time constant (τdecay). The peak of the channelrhodopsin current was also 
smaller, with a 1.14 ms rise time (10%-90%) and a slower decay time constant 
(τdecay) of 57.63 ms (figure 16B). The slow decay time constant of the 
channelrhodopsin current suggests slow deactivation kinetics. The decay time 
constant was estimated from a single exponential fit (OriginLab). The 
channelrhodopsin current reversed polarity at around 0 mV (figure 16C) as 
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shown. And in current-clamp recordings, a train of 1ms brief pulses at a supra-
threshold voltage (<1 V) evoked a series of transient depolarisations and 
occasional action potentials from neurons in acute slice preparations (figure 
16D). 
 
Figure 16. LED calibration and channelrhodopsin-2 characterization. A, Optical power was 
linearly increased to 70 µW /mm
2
 (blue trace), in response to an 8 s voltage ramp with 
maximum voltage at 1 V (gray trace). Notice that no optical power of the LED was detected 
until the voltage stimulus reached 180 mV, suggesting a minimum start-up voltage is required 
to drive the LED output. Channelrhodopsin current quickly increased and reached a steady-
state, once LED light was emitted (black trace). B, Optical power response (blue trace) and 
channelrhodopsin current (black trace) under a 1 ms duration, 1 V brief pulse stimulus (gray 
trace). Maximum power measured was only 40 µW /mm
2
 due to the short stimulus duration. 
Channelrhodopsin current was also smaller compared to its full capacity in 1 V ramp 
protocol. C, Channelrhodopsin current reversed at around 0 mV, in response to a train of 
brief pulses (1 ms duration, 5 V, 200 ms intervals). D, Brief pulses at threshold voltage (<1 
V) successfully evoked transient depolarisations and occasional action potentials in a current 
clamp recording. 
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2.3.6 Electrophysiological analysis 
All offline data analysis was performed using WinWCP and WinEDR software 
(John Dempster, University of Strathclyde, UK). All plots were constructed and 
statistical analysis was performed using OriginPro 8.6 (MicroCal). Differences 
between groups were examined using paired or unpaired Student‟s t test, unless 
stated otherwise.  
Series resistance (Rs), input resistance (Rinput) and membrane capacitance (Cm) 
were calculated from the current response to a 10 mV voltage step (Vcmd) 
recorded in whole-cell voltage-clamp configuration immediately after break-
through. 
Synaptic event detection involved the use of a scaled template matching 
algorithm in WinEDR. An over-detecting template was created deliberately to 
make sure all the synaptic events were scanned through. Non-specific signal 
artefacts were subsequently deleted following visual inspection of all selected 
events. For IPSC rise-time and decay-time measurements, any overlapping 
events that contained an interrupted rise or decay phase were rejected. The IPSC 
decay was calculated from the charge transfer of each individual IPSC divided 
by the IPSC peak amplitude. Each IPSC waveform was aligned on the initial 
rising phase and average waveforms were constructed from a minimum of 200 
aligned events.  
The tonic conductance was calculated from the baseline current recorded before 
and after drug application (such as DS2, SR-95531). A single Gaussian fit was 
applied to all-point histogram constructed from each 500ms current epoch. The 
same method was applied to membrane potential changes recorded before and 
after baclofen and GABA application. The baseline noise level was estimated 
from the half width of the Gaussian fit. 
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The post-stimulus time histograms (PSTHs) were constructed using a MatLab 
script developed by Maik C. Stüttgen. The stimulus and IPSC times were 
obtained following amplitude threshold crossing and scaled template matching 
algorithms performed in WinEDR. For each stimulus, the IPSC time points 
within a specified post-stimulus time window were selected by the script. A 
new data-set containing the time intervals between IPSCs and the stimulus for 
each stimulus was subsequently generated for the construction of the PSTH.  
 
2.3.7 Object recognition task 
To assay for deficits in mouse vision, we modified an object recognition task. 
Five days before the task, mice were handled for 3 minutes each day to reduce 
stress associated with handling. On the day of the experiment, mice were 
allowed to explore the arena for 10 minutes in the absence of any objects to 
reduce interference from environmental exploration. An arena size of 50cm x 
60cm was chosen to reduce accidental contact with the objects. In the control 
session, two plastic bottles with blank inserts were placed into the central region 
of the arena equidistant to each other. Between the control and novel object 
sessions, mice were returned to their home cage for 5 minutes, and the arena 
was wiped clean with 75% ethanol. During the novel object session the blank 
insert in one bottle had been exchanged for an insert with vertical black and 
white stripes of 1.5 cm spacing, to ensure the spatial frequency of the grating 
was less than 0.5 cycles per degree (estimated maximal visual acuity) when the 
mouse was standing furthest to the object (Prusky et al., 2000). Data was 
recorded using a webcam placed 40 cm above the arena.  
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2.3.8 Video tracking analysis 
Conversion of the video data was performed using VirtualDub software. After 
importing data into open source Swistrack software (Figure 17A), each frame 
was subtracted from a background image to isolate the mouse (Figure 17B). A 
threshold level was chosen to minimize background noise and each frame was 
converted into a high contrast black and white image (Figure 17C). The mouse 
location was easily detected (Figure 17D), and the resulting x, y coordinates of 
the centre of the mouse were sent to Matlab automatically using a user defined 
script. The resulting coordinate data was subsequently plotted with Origin 
(Figure 17E). The distance travelled between each frame (S) was calculated 
from two coordinates P1 (X1, Y1) and P2 (X2, Y2) according to equation S 
=                    . The arena was divided in half and the central 
region of the arena was used for time calculations (Figure 17F) with each point 
representing 0.033 seconds of exploration in novel object recognition task 
analysis. 
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Figure 17. Mouse location tracking during a novel object recognition task. A, Two identical 
transparent bottles were placed in the centre of the 50cm x 60 cm arena. For the 
familiarization phase, both transparent bottles were filled with blank white papers inside. For 
the novel object recognition phase, one bottle was still filled with blank paper (familiarized 
object), the other bottle was filled with back-white stripe paper (novel object). Mice were 
allowed to explore the arena for 10 minutes in each condition. B, To extract the activity 
coordinates of the moving mice, each video frame was subtracted by a background still frame 
without the moving mouse, which in turn leaves the moving mouse as the only object to be 
tracked. C, The extracted frame image was then converted into a black-white image, and a 
threshold was set to minimize the background white noise. D, The moving mouse was 
subsequently tracked and labelled, and the x, y coordinates were sent to the matlab software 
for further analysis. E, Line plot of all the activity coordinates in 10 minutes, displays the 
trace of the moving object. F, When the mice were not exploring the objects, they tend to stay 
in the corners of the arena. For better quantification of the object preference, a 80% x 80% 
region of the arena was selected for further analysis.        
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2.3.9 Local field potential recording 
Local field potential recording electrodes were implanted into the mouse visual 
cortex under isoflurane (1.5-2.5% in oxygen) anaesthesia. The anaesthetised 
mouse was placed in a stereotactic frame and head-fixed with ear bars. A 0.5-
0.8 cm longitudinal incision was made in the skin, exposing the skull. Bregma 
and lambda were located on the skull and their position recorded in the 
computer-based Angle 2 coordinate system. The pre-determined position of the 
visual cortex was subsequently marked on the skull, and a small size hole was 
drilled above the visual cortex. The tungsten bipolar electrode (Microprobes, 
USA) was secured in a stereotactic arm and lowered into the drilled hole in the 
visual cortex according to the coordinates. The electrode and anchor screws 
were secured with cyanoacrylate glue. Three insulated stainless steel wires with 
the distal insulation removed were also inserted into the neck muscle for EMG 
recording. The free ends of the electrodes and the wires were soldered to a 
seven pin connecting plug, and secured with dental cement. The animals were 
allowed at least 7 days of recovery after surgery. Before the start of the 
experiment, the miniature signal recording device (Neurologger 2
®
) was 
attached to the seven pin connecting plug. This recording device is small 
enough to be attached to the free moving animal without interfering with its 
movement. For 24 hour sleep-wake recording, the neurologger was connected to 
the animal 2 hours before “lights on”, to ensure sufficient adaptation. After 
recording, the data was analysed using Spike 7 software (CED, UK). Once all 
experiments were complete, mice were transcardially perfused with PFA, and 
the brains were sliced in 35 µm coronal sections for histological verification of 
electrode location. 
  
3. Genetic removal of gamma2 subunit-containing GABAARs from the mouse dLGN 
71 
 
3. Genetic removal of gamma2 subunit-
containing GABAARs from the mouse dLGN 
 
3.1 Introduction 
Channel kinetics and subcellular distribution of GABAARs are greatly 
determined by subunit composition. While -containing GABAARs are 
exclusively extrasynaptic, mediating tonic inhibition; the vast majority of 
synaptic GABAARs are 2-containing (Farrant et al., 2005). Synaptic 
GABAARs containing 2 subunit have fast kinetics, low affinity to GABA 
compared with extrasynaptic -containing GABAARs. The fast kinetics, 
together with postsynaptic distribution, enables postsynaptic currents mediated 
by 2-GABAARs to modulate neuron excitability in a temporal and spatial 
specific manner with great precision. 
Here, by taking advantage of dLGN-specific Cre expression in the HDC-Cre 
mouse line, 2-containing GABAA receptors were deleted specifically in the 
visual thalamus, dLGN. This enabled me to assess the importance of 2 subunits 
in mediating synaptic inhibition and probe into the subunit heterogeneity within 
the dLGN. Unlike the ventrobasal complex (VB) of the thalamus where 2 
deletion eliminated all the fast synaptic currents in relay neurons (Rovo et al., 
2014), I find that in the dLGN, 2 deletion only completely removed IPSCs in a 
subset of relay neurons. 
With post-recording morphological reconstruction technique, I examined 
whether relay neurons containing only 2-mediated IPSCs are cell-type specific. 
Using pharmacological methods, I also identified the subunit composition of the 
remaining IPSCs in the HDC-Δ2 relay neurons.     
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3.2 Results 
3.2.1 HDC-Cre expression in adult dLGN 
The tuberomammillary nucleus (TMN) is the only neuronal source of histamine 
synthesis in adult mammalian brain (Panula et al., 1984). Histidine 
decarboxylase (HDC) catalyzes the synthesis of histamine from histidine in 
TMN neurons. The hdc gene is also only expressed in the adult mouse TMN, as 
verified by in situ hybridization (Zecharia et al., 2012) . HDC-EGFP knock-in 
transgenic mice, in which EGFP is only present when hdc gene is currently 
expressed, also confirmed the hdc gene is specifically expressed in the TMN 
(Zecharia et al., 2012). However, unlike the HDC-EGFP knock-in line, HDC-
Cre mice crossed with Rosa-loxP STOP loxP-YFP mice (HDC-YFP reporter 
mice) revealed that, in addition to YFP expression in TMN, YFP expressing 
cells were present in the thalamus with high expression in the dLGN, and sparse 
distribution within the ventral posterolateral thalamus (VPL). This YFP 
expression outside of the TMN, is due to transient hdc-Cre gene expression 
during early postnatal development, which is sufficient to delete the loxP-
STOP-loxP site and turn on YFP expression permanently (Figure 18A, B, C). 
We co-stained GFP, NeuN (red) and DAPI in the HDC-YFP reporter mice brain 
sections. Firstly, out of 119 DAPI-positive cells in the volumn of tissue 
analyzed in Figure 18D, E, F, only 49 cells are NeuN-positive neurons (41%). 
Secondly, all the YFP positive cells in the dLGN are NeuN positive, suggesting 
all YFP postitive cells in the dLGN are neurons, not glia cells. Thirdly, more 
than 90% of the NeuN-positive neurons are YFP positive, indicating HDC-Cre 
is widely expressed in dLGN neurons, and it is able to target the loxP site to 
turn on YFP gene despite its transient expression. 
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Figure 18. Characterisation of HDC-Cre expression in adult dLGN. A, structurally defined 
dLGN is densely labelled with YFP positive neurons, with sparse labelling in VPL. B, DAPI 
(4′, 6-diamidino-2-phenylindole; cell nuclei) staining. C, merged GFP and DAPI. A-C, scale 
bar, 500 µm. D,E, higher magnification of dLGN stained for GFP (D) and NeuN (E). F, 
merged GFP, NeuN (red) and DAPI (blue). D-F, scale bar, 80 µm. 
 
3.2.2 Half of neurons in HDC-Δ2 dLGN have no IPSCs 
GABAAR subunit in situ hybridization detected strong  and subunit 
signals but only weak and mRNA expression in the 
mouse dLGN (Laurie et al., 1992; Lein et al., 2007). This is consistent with the 
significant level of tonic inhibition observed in thalamic relay neurons that is 
mediated by  subunit-containing GABAARs. The identity of the synaptic 
GABAARs that mediate fast synaptic inhibition in the dLGN is less clear. In 
most brain regions, the subunit-containing GABAAR population is the 
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major receptor subtypes responsible for fast postsynaptic inhibition (Somogyi et 
al., 1996; Farrant et al., 2005). The subunit is often regarded as essential for 
postsynaptic clustering of GABAARs (Essrich et al., 1998). Indeed, genetic 
deletion of subunit completely removes fast inhibitory postsynaptic events 
from a number of cell types (Essrich et al., 1998; Wulff et al., 2009). More 
recently, virally delivered subunit deletion in the somatosensory ventrobasal 
complex (VB) eliminated fast IPSCs from the VB relay neurons (Rovo et al., 
2014), suggesting subunit-containing GABAAR could also be the major 
synaptic population in the thalamus. However, unlike VB which only receives 
inhibitory input from nucleus reticularis thalami (nRT), the dLGN also receives 
inhibition from local interneurons (Cox et al., 1998; Acuna-Goycolea et al., 
2008; Errington et al., 2011).  
The HDC-Δ2 line was generated by crossing HDC-Cre mice with I77lox 
mice. By taking advantage of the transient Cre expression in dLGN, 2 subunit 
expression is disrupted permanently in the dLGN of the HDC-Δ2 mice. To 
examine the consequence of the 2 subunit deletion in dLGN relay neurons, 
whole-cell voltage-clamp recordings were performed from both wild-type 
control mice and HDC-Δ2 mice, with the membrane potential held at -70mV. 
A total of 47 wild-type relay neurons and 66 HDC-Δ2 relay neurons were 
recorded, with similar capacitance measurement (102.91 ±7.08 pF in wild-type 
cells, 101.08 ±4.93 pF in HDC-Δ2 cells). While 46 out of 47 (97.87%) wild-
type relay neurons had IPSCs, only 35 out of 66 (53.03%) HDC-Δ2 relay 
neurons exhibited IPSCs. The other 31 HDC-Δ2 neurons showed no presence 
of IPSCs at all (Figure 19A, B). A total number of 26 wild-type mice and 21 
HDC-Δ2 mice were used for these experiments. A plot of cells recorded with 
and without IPSCs from individual mice (Figure 19C) demonstrates that while 
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almost all wild-type mice dLGN contained cells with IPSCs, many of the HDC-
Δ2 mice dLGN contained cells both with and without IPSCs. 
 
Figure 19. Deletion of 2 subunit in dLGN resulted in elimination of IPSCs in half of the dLGN 
thalamic relay neurons. A, example recording traces from HDC-Δ2 neuron with spontaneous 
IPSCs (top panel) and with no spontaneous IPSCs (bottom panel). B, 97.87% (46 out of 47) 
wild-type relay neurons had IPSCs, while only 53.03% (35 out of 66) HDC-Δ2 relay 
neurons had IPSCs. C, left panel, relay neurons recorded with and without IPSCs in 
individual wild-type mice (left panel) and HDC-Δ2 mice (right panel). 
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3.2.3 Differences between IPSC properties in wild-type and HDC-
Δ2 dLGN relay neurons 
We investigated the properties of the remaining IPSCs recorded from thalamic 
relay neurons in the dLGN of HDC-Δ2 mice. The remaining spontaneous IPSC 
frequency in HDC-Δ2 relay neurons was significantly reduced compared with 
wild-type relay neurons (wild-type, 6.36 ±0.65 Hz, n=45; HDC-Δ2, 4.8 ±0.51 
Hz, n=35; t test, P=0.037). A cumulative plot of the sIPSC frequency illustrates 
a left-ward shift in the probability curve for HDC-Δ2 cells, compared with 
wild-type cells (Figure 20A). Although averaged sIPSC peak amplitude values 
are higher in HDC-Δ2 relay neurons, the difference is not significant (wild-
type, 49.01 ±3.31 pA, n=45; HDC-Δ2, 62.82 ±9.73 pA, n=35; t test, P=0.1) 
Both the 10-90% rise time and weighted decay time are significantly slower in 
HDC-Δ2 relay neurons. As shown in Figure 20B, C, D, the wild-type IPSC rise 
time was 2.34 ±0.14 ms (n=45) compare to 2.75 ±0.19 ms (n=35) in HDC-Δ2 
cells (t test, P=0.04). The wild-type IPSC decay time was 9.62 ±0.59 ms (n=45) 
compared to 11.17 ±0.67 ms (n=35) in HDC-Δ2 cells (t test, P=0.04).  
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Figure 20. Remaining IPSC kinetics of the HDC-Δ2 relay neurons compared with that of the 
wild-type relay neurons in the dLGN. A, cumulative probability of IPSC frequency in both 
HDC-Δ2 neurons with remaining IPSCs (grey trace) and wild-type neurons (black trace). B, 
Weighted decay time against 10-90% rise time plot of individual neurons indicates that 
weighted decay time is linearly correlated with 10-90% rise time in both wild-type and HDC-
Δ2 neurons, with similar correlation coefficient. C, 10-90% rise time was significantly 
slower in HDC-Δ2 neurons compared with wild-type neurons (t test, P=0.04). Wild-type rise 
time averaged at 2.34 ±0.14 ms (n=45), HDC-Δ2 rise time averaged at 2.75 ±0.19 ms 
(n=35). D, weighted decay time was also significantly slower in HDC-Δ2 neurons compared 
with wild-type neurons (t test, P=0.04). Wild-type decay time averaged at 9.62 ±0.59 ms 
(n=45), HDC-Δ2 decay time averaged at 11.17 ±0.67 ms (n=35). 
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3.2.4 The majority of HDC-Δ2 relay neurons with no IPSCs were 
Y-type relay neurons 
According to previous literature, there are morphologically distinct relay neuron 
types in the dLGN (Wilson et al., 1984a; Nassi et al., 2009). In cat and rat, these 
morphologically different cells types are also functionally distinct, receiving 
input from different classes of RGCs and exhibiting regional preference within 
the dLGN (Sherman, 1985; Reese, 1988). Although recent data demonstrates 
that this morphological diversity also exists in mice, it is not clear if these cell 
types exhibit clear functional differences (Krahe et al., 2011). 
A total of 35 wild-type and HDC-Δ2 relay neurons were biocytin filled and 
confocal imaged following successful electrophysiological recording. For each 
neuron, we compiled a series of Z-stacks from which a three dimensional 
reconstruction of each thalamic relay neuron could be constructed. We used 
Sholl analysis (Friedlander et al., 1981b) to characterize the dendritic 
distribution. The polar score was calculated as the ratio of dendritic 
intersections in horizontal plane versus vertical plane (maximum/minimum). A 
polar score close to 1.0 represents a cell with equal numbers of dendrites in both 
horizontal and vertical axial plane. A polar score that deviates far from 1.0, 
represents a cell with more dendritic intersections in one plane than the other. 
In agreement with previous publications, we identified three major relay neuron 
types, based on the dendritic distribution.  X-type relay neuron exhibited bipolar 
dendritic distribution, with most dendritic intersections resided in one axial 
plane rather than the other (Figure 21A). Y-type relay neuron exhibited 
symmetrical dendritic distribution in all angles (Figure 21B). W-type relay 
neuron had dendritic trees filled only in one hemisphere (Figure 21C).  Polar 
score histogram of all 35 neurons revealed a three-peak Gaussian  distribution 
of the dendritic tree, representing three groups of neurons (Figure 22A). With 
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polar score cut-off criteria set at 1.5 and 2.0, 19 relay neurons (54.3%) were 
identified as Y-type, 9 relay neurons (25.7%) were identified as X-type, and 7 
relay neurons (20%) were identified as W-type. The percentage numbers of 
different cell types were in agreement with previous report (Krahe et al., 2011). 
In HDC-Δ2 dLGN, a total number of 9 relay neurons with no IPSCs were 
reconstructed, together with 12 relay neurons with IPSCs. Although HDC-Δ2 
neurons with IPSCs were a mixture of X- and W-type cells, we found that 8 out 
of 9 (88.9%) HDC-Δ2 neurons with no IPSCs were identified as Y-type relay 
neurons, based on their polar scores (Figure 22A, B).  
Overall, our result suggests half of dLGN relay neurons are Y-type, while X-
type and W-type cells each represent a quarter in the relay neuron composition. 
Deletion of 2 subunit completely ablated synaptic inhibition only in Y-type 
relay neurons, indicating the pure 2 incorporation in the postsynaptic GABAA 
receptors for Y-type cells. However, X- and W-type relay neurons seem to 
utilise non-2 containing GABAA receptors for functioning postsynaptic 
inhibition. This suggests a cell-type selective 2-subunit expression pattern 
within the dLGN relay neurons in a parallel pathway-like mechanism.   
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Figure 21. X, Y, and W-type relay neurons in wild-type and HDC-Δ2 dLGN. A, an example of 
X-type relay neuron in the dLGN with bipolar dendritic distribution. B, an example of Y-type 
relay neuron in the dLGN with even distribution of dendrites in all angles. C, an example of 
W-type relay neuron in the dLGN with dendritic distribution in half hemisphere.  
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Figure 22. Majority of HDC-Δ2 relay neurons with no IPSCs are Y-type neurons. A, Polar 
score histogram of all neurons (light grey) and HDC-Δ2 neurons with no IPSCs (dark grey). 
All-neuron polar score histogram was plotted including all 35 neurons. Gaussian function 
was applied for peak fitting of polar score histogram. Black curve was fitted for all-neuron 
polar score histogram, red curve was fitted for polar score histogram of HDC-Δ2 neurons 
with no IPSCs. Dashed line indicates the polar score cut-off criteria for X, Y and W types. B, 
examples of HDC-Δ2 relay neurons with no IPSCs. Neurons were identified as Y-type based 
on individual polar score.  
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3.2.5 Remaining IPSCs in HDC-Δ2 neurons were diazepam 
insensitive 
Diazepam potentiates GABA effect on GABAARs by increasing channel open 
frequency rather than influencing the average open-channel lifetime (Study et 
al., 1981). It is known that diazepam binds at the extracellular interface and 
predominantly acts on GABAARs composed of and 
subunits (Olsen et al., 2008). Receptors containing or subunits are 
less sensitive to diazepam compared with containing GABAARs (Herb et al., 
1992b; Wafford et al., 1993; Khom et al., 2006). In our F77I mice background, 
a point mutation of phenylalanine (F) to isoleucine (I) at position 77 of the 
subunit resulted in abolition of zolpidem sensitivity, without affecting 
diazepam binding (Buhr et al., 1997a; Cope et al., 2005c). 
We applied 3µM diazepam to both wild-type and HDC-Δ2 neurons, to 
investigate if 2 subunit-containing GABAARs still exist in the HDC-Δ2 
dLGN. In wild-type relay neurons, the weighted decay time of spontaneous 
IPSCs in the presence of Diazepam (15.39 ± 0.38 ms, n=4) increased 
significantly compared to that of IPSCs in control condition (10.94 ± 0.37 ms, 
n=4). An example wild-type relay neuron with the IPSCs decay-time population 
shift is shown in figure 23A, with no significant change in both rise time and 
peak amplitude. However, in HDC-Δ2 relay neurons, no significant change in 
the decay time, rise time or peak amplitude was detected (Figure 23B). The 
prolongation of weighted decay time averaged at 40.8% (n=4) in wild-type 
neurons, with only 6.4% (n=5) in HDC-Δ2 neurons with remaining IPSCs 
(Figure 23C), further confirming that the remaining IPSCs were not mediated 
by 2 subunit-containing GABAARs. 
3. Genetic removal of gamma2 subunit-containing GABAARs from the mouse dLGN 
83 
 
 
Figure 23. Remaining IPSCs in HDC-Δ2 relay neurons were diazepam insensitive. A, Diazepam 
response of a wild-type relay neuron. Left panel, averaged IPSC waveform in control (black 
trace) and 3µM Diazepam (red trace), with normalized peak. Right panel, scatter plot of 
weighted decay time (ms) against 10-90% rise time (ms). Black dots represent individual 
IPSCs during control period. Red dots represent individual IPSCs in the presence of 
Diazepam. Gaussian function was applied for peak fitting of rise-time and decay-time 
histogram. B, Diazepam response of an HDC- Δ2 relay neuron. C, Percentage of decay-time 
increase after Diazepam in wild-type and HDC-Δ2 neurons. Weighted decay time increased 
40.8% on average in wild-type relay neurons after Diazepam application (n=4). Only an 
average of 6.4% increase of decay time was seen in the HDC-Δ2 neurons with remaining 
IPSCs (n=5). Error bar, standard error of the mean. 
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3.2.6 Wild-type and HDC-Δ2 relay neurons have similar tonic 
current  
To investigate the effect of 2 subunit deletion on tonic inhibition, we applied 
100 µM picrotoxin to both wild-type and HDC-Δ2 neurons. In wild-type relay 
neurons, an outward shift of holding current was present in addition to the loss 
of IPSCs, in the presence of picrotoxin (Figure 24A). Picrotoxin also blocked 
the tonic inhibition in HDC-Δ2 neurons with or without IPSCs (Figure 24B, 
C), and the remaining IPSCs in HDC-Δ2 neurons were also blocked by 
picrotoxin (Figure 24B). This result clearly demonstrates that the remaining 
IPSCs in HDC-Δ2 neurons are mediated by GABAARs.  
DS2 is a positive allosteric modulator of -GABAARs, acting at a unique 
binding site. DS2 enhances tonic current only when -GABAARs are occupied 
by GABA (Wafford et al., 2009; Jensen et al., 2013; Ye et al., 2013). Thus, it is 
a suitable drug to test whether 2 deletion has resulted in any change in tonic 
inhibition. 10 µM DS2 induced a tonic current increase in all wild-type and 
HDC-Δ2 neurons, with no significant difference in the magnitude of this 
change (Figure 25A, B, C). As shown in figure 23C, DS2 induced tonic increase 
in wild-type neurons averaged at 83.67 ± 20.09 pA (n=6), while tonic increase 
in HDC-Δ2 neurons averaged at 100.67 ± 12.86 pA (n=6). There is also no 
significant difference in the tonic increase between HDC-Δ2 neurons with and 
without IPSCs (data not shown).  
It has been reported that -GABAARs contribute to the IPSC decay in dentate 
gyrus granule cells, and cortical pyramidal cells (Wei et al., 2003; Ye et al., 
2013). Here, we investigated this possibility by analysing the spontaneous IPSC 
(sIPSC) kinetics before and in the presence of DS2. We report that, DS2 did not 
change sIPSC kinetics in wild-type neurons (Figure 25D), suggesting -
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GABAARs only contribute to tonic inhibition but not spontaneous phasic 
inhibition in dLGN. More importantly, DS2 did not change the kinetics of the 
HDC-Δ2 remaining IPSCs either, confirming that the remaining IPSCs were 
not mediated by -GABAA receptors. 
 
Figure 24. Presence of tonic inhibition in both wild-type and HDC-Δ2 relay neurons. A, holding 
current shift of a wild-type relay neuron in the presence of 100 µM picrotoxin (grey shadow). 
Spontaneous IPSCs were absent in the presence of picrotoxin. All-points histogram was fitted 
with Gaussian function before and after picrotoxin. Dotted line indicates mean holding 
current. B, recording traces of 1 s duration from an HDC-Δ2 relay neuron with IPSCs before 
(left) and after (right) 100 µM picrotoxin block. C, recording traces of 1 s duration from an 
HDC-Δ2 relay neuron with no IPSCs before (left) and after (right) 100 µM picrotoxin block. 
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Figure 25. DS2 applications increase tonic current in wild-type and HDC-Δ2 relay neurons 
without affecting sIPSC kinetics. A, an example of tonic current increase in the presence of 10 
µM DS2 in a wild-type relay neuron. Tonic current was blocked by the application of 100 
µM picrotoxin. Dotted lines indicate mean holding current before and in the presence of DS2. 
B, an example of tonic current increase in the presence of 10 µM DS2 in a HDC-Δ2 relay 
neuron. C, no significant difference of DS2 induced tonic increase between wild-type (n=6) 
and HDC-Δ2 neurons (n=6). Error bar, standard error of the mean. D, no significant change 
of sIPSC kinetics before and after DS2 in both wild-type and HDC-Δ2 neurons with IPSCs. 
Black trace, averaged waveform of IPSC before DS2. Red trace, averaged waveform of IPSC 
in the presence of DS2. 
 
 
 
3. Genetic removal of gamma2 subunit-containing GABAARs from the mouse dLGN 
87 
 
3.2.7 10µM Zn
2+
 had no effect on IPSC properties in both wild-
type and HDC-Δ2 neurons 
We applied 10 µM Zn
2+ 
to identify the existence of -containing GABAA 
receptors in both wild-type and HDC-Δ2 IPSCs.  
In a total of 11 wild-type relay neuron recordings, 6 cells had tonic increase 
after 10 µM Zn
2+
, the other 5 cells had either no holding current change, or 
decreased tonic current (Figure 26A, B, D). Overall tonic inhibition increased 
10 ± 4.3 pA (n=11). However, there was no significant change of IPSC 
properties in the presence of 10 µM Zn
2+
 in all wild-type recordings. In a total 
of 6 HDC-Δ2 neurons with remaining IPSCs, all 6 neurons had tonic increase 
after 10 µM Zn
2+
, averaged at 69.2 ± 29.1 pA (n=6). IPSC kinetics did not 
change in all HDC-Δ2 neurons (Figure 26C, D).  
Since there‟s no significant change of IPSC kinetics after 10 µM Zn2+ in both 
wild-type and HDC-Δ2 neurons (Figure 26 E), it is reasonable to conclude that 
there is no synaptic -containing GABAARs in wild type neurons, and the 
remaining IPSCs in the HDC-Δ2 neurons are not mediated by -containing 
GABAARs either. 
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Figure 26. Tonic and phasic response to 10 µM Zn
2+
 in wild-type and HDC-Δ2 relay neurons. A, 
an example of wild-type relay neuron with enhanced tonic inhibition (left panel) and slight 
decrease of IPSC decay and charge transfer (right panel) after 10 µM Zn
2+
. B, an example of 
wild-type relay neuron with no tonic change (left panel), but slight decrease of IPSC decay 
and charge transfer (right panel) after 10 µM Zn
2+
. C, an example of HDC-Δ2 relay neuron 
with enhanced tonic inhibition (left panel) and no change of IPSC decay and charge transfer 
(right panel) after 10 µM Zn
2+
. D, Change of tonic inhibition in individual wild-type and 
HDC-Δ2 relay neurons after 10 µM Zn2+. Only 5 out 11 wild-type cells had tonic increase, 
while 6 out of 6 HDC-Δ2 cells with remaining IPSCs had tonic increase after 10 µM Zn2+. 
E, Charge transfer of the averaged IPSCs decreased slightly, although with no significance, 
after 10 µM Zn
2+
 application in both wild-type cells (n=11) and HDC-Δ2 cells with 
remaining IPSCs (n=9). 
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3.2.8 Different concentrations of Zn
2+
 influence tonic and phasic 
inhibition in dLGN relay neurons differently 
Micromolar concentrations of Zn
2+
 have little effect on -containing 
GABAARs; while Zn
2+
 potently inhibits -containing GABAARs at 
micromolar concentrations (Draguhn et al., 1990; Smart et al., 1990; Hosie et 
al., 2003). We provided evidence that  receptor combinations did not 
contribute to the remaining IPSCs in HDC-Δ2 relay neurons of the dLGN by 
10 µM Zn
2+
 application. However, Zn
2+
 unexpectedly increased the tonic 
current in some recordings. 
Figure 27A shows an example of Zn
2+ 
response in dLGN relay neuron. 3 
minutes after 10 µM Zn
2+
 application, the holding current was increased. The 
holding current reached a steady-state level after 10 minutes, with a total of 20 
pA increase of tonic current. With a similar onset time of 6 minutes after 100 
µM Zn
2+
 application, holding current sharply increased another 70 pA in just 2 
minutes, and quickly recovered back to baseline holding current. 
The tonic current increase by Zn
2+ 
is unlikely caused by direct activation of 
extrasynaptic -containing GABAA receptors, since previous publications 
reported Zn
2+
 as its blocker at similar concentration range (Jia et al., 2005; Nani 
et al., 2013). Thus, it is most likely that Zn
2+
 activated presynaptic GABA 
release, or inhibited GABA uptake mechanism. We further analysed 
spontaneous IPSC properties before and after Zn
2+
 at different concentrations to 
look for more evidence. It is important to notice that -containing GABAA 
receptors are directly inhibited by Zn
2+
 at 100 µM concentration, although much 
less sensitive to Zn
2+
 at 10 µM concentration (Hosie et al., 2003). Our data 
shows that 10 µM Zn
2+ 
did not change spontaneous IPSC properties, in addition 
to enhancement of tonic inhibition (n=12); 100 µM Zn
2+
 significantly increased 
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peak amplitude of spontaneous IPSCs, in addition to tonic current increase, but 
with no significant change in IPSC rise-time, decay-time (n=4) (Figure 27B). 
More importantly, there was no IPSC frequency change at 10 µM or 100 µM 
Zn
2+
 concentration.  
 
 
Figure 27. Different concentrations of Zn
2+
 influence tonic and phasic inhibition in dLGN relay 
neurons differently. A, an example of tonic current increase after Zn
2+
 application. 10 µM 
Zn
2+
 induced 20 pA holding current change, while 100 µM Zn
2+
 induced 70 pA holding 
current change in this relay neuron recording. B, left panel, no change of averaged IPSC 
kinetics after 10 µM Zn
2+
; right panel, 100 µM Zn
2+ 
increased IPSC peak significantly, but no 
significant change of 10-90% rise time and weighted decay time. Black trace, averaged IPSC 
waveform before Zn
2+
; red trace, averaged IPSC waveform in the presence of Zn
2+
.  
3. Genetic removal of gamma2 subunit-containing GABAARs from the mouse dLGN 
91 
 
3.2.9 DMCM increased IPSC decay and charge transfer in both 
wild-type and HDC-Δ2 neurons 
DMCM (methyl-6, 7-dimethoxy-4-ethyl-β-carboline-3-carboxylate) is an 
inverse agonist at GABAARs that binds to the benzodiazepine site between the 
and subunit interface (Gardner et al., 1993; Sigel et al., 2012). F77I 2-
containing GABAARs, are more than 1000-fold less sensitive to DMCM and 
zolpidem (Buhr et al., 1997a; Wingrove et al., 1997). The effect of DMCM on 
GABAARs varies with different  subunits. While DMCM is an inverse agonist 
at and subunit-containing GABAARs (Herb et al., 1992b), it potentiates 
-containing GABAARs (Wafford et al., 1993; McKernan et al., 1995). As 
DMCM will have no effect on -GABAARs in our F77I background strain and 
it acts on -and-GABAARs with opposite effect, DMCM was chosen to 
explore whether the IPSCs remaining in the HDC-Δ2 are mediated by or 
subunits. 
10 µM DMCM significantly enhanced the average IPSC charge transfer by 54.7 
± 18.97 % (n=8) in wild-type relay neurons (control, 228.39 ± 45.17 pA·ms; 
DMCM, 312.82±43.14 pA·ms; paired t-test, P=0.004). Figure 28A shows IPSC 
charge transfer of individual wild type neurons (left panel) and a representative 
example of averaged IPSC trace (right panel), before and during DMCM. 
Charge transfer of HDC-Δ2 remaining IPSCs also significantly increased by 
21.57 ± 6.36 % (n=7), as shown in figure 28B, C (control, 685.12 ± 151.61 
pA·ms; DMCM, 841.67 ± 206.86; paired t-test, P=0.03). We also see a 
significant increase of weighted decay time in both wild-type (25.8 ± 9.86 %, 
n=7) and HDC-Δ2 remaining IPSCs (11.0 ±5.2 %, n=7), as shown in figure 
28C (right panel). 
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Figure 28. 10 µM DMCM enhanced phasic IPSCs in both wild-type and HDC-Δ2 relay neurons. 
A, Left panel, charge transfer of averaged spontaneous IPSCs in individual wild-type cells 
(n=8) before and during 10 µM DMCM. Right panel, averaged sIPSC trace of a 
representative wild-type neuron before (black trace) and during DMCM (red trace). B, Left 
panel, charge transfer of averaged spontaneous IPSCs in individual HDC-Δ2 cells with 
remaining IPSCs (n=7) before and during 10 µM DMCM. Right panel, averaged sIPSC trace 
of a representative HDC-Δ2 neuron before (black trace) and during DMCM (red trace). C, 
left panel, 10 µM DMCM significantly increased charge transfer of averaged sIPSC in both 
wild-type and HDC-Δ2 neurons. Right panel, 10 µM DMCM also significantly increased 
weighted decay time of averaged sIPSC in both wild-type and HDC-Δ2 neurons. 
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3.3 Discussion 
3.3.1 HDC-Cre transgenic line, a suitable tool for dLGN neuron 
manipulation 
Histidine decarboxylase (HDC) catalyses the synthesis of histamine from 
histidine, encoded by the hdc gene in the tuberomammillary nucleus (TMN) 
(Panula et al., 2013). The TMN, which is the only brain region that produces 
histamine in the adult brain, is an essential sleep-wake regulatory component of 
the brain. Together with other pathways, GABAergic and galaninergic inputs 
from the preoptic area inhibit TMN neuron firing, promoting sleep onset 
(Takahashi et al., 2006). In addition to histamine, TMN neurons are also 
believed to co-release several other neurotransmitters and modulators, such as 
GABA in most TMN neurons, and galanin, thyrotropin-releasing hormone and 
substance P in various populations of TMN neurons (Staines et al., 1986; 
Ericson et al., 1991; Airaksinen et al., 1992). For the purpose of better 
understanding the role of TMN in sleep-wake regulation, our group has 
generated an HDC-Cre transgenic line, with Cre inserted behind the hdc gene 
stop codon (materials and methods 2.1 for detail). Interestingly, deletion of 2-
containing GABAARs and GABABRs in the TMN had no effect on sleep-wake 
cycle in 24 hours EEG recording of freely moving mice, although HDC-Δ2 
mice exhibited a delayed habituation to a new environment (Zecharia et al., 
2012). Unexpectedly, crossing HDC-Cre with YFP reporter mice revealed 
transient Cre expression in several other brain regions during development, in 
addition to the permanent expression in the TMN (Zecharia et al., 2012). These 
regions include dense labelling in the dorsal lateral geniculate nucleus (dLGN), 
and scattered cells in the ventral posterolateral thalamus (VPL) and ventral 
medial hypothalamus (VMH). Further characterising the Cre expression pattern 
in the dLGN, triple staining (anti-GFP, NeuN and DAPI) was applied to the 
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offspring of HDC-Cre crossed with YFP reporter mice. The staining result 
shows that the transient Cre expression occurs in the vast majority of dLGN 
neurons specifically, rather than glia cells. NeuN combined with DAPI staining 
revealed that only 40% of cells in the dLGN are neurons, the rest of which are 
assumed to be glia cells. And all GFP-positive cells are NeuN-positive neurons. 
Most importantly, more than 90% of neurons in the dLGN are GFP-positive, 
which clearly shows HDC-Cre mouse line is a suitable tool for neuron-specific 
gene manipulation in the dLGN. Further supporting this, 5 out of 5 recorded 
dLGN neurons did not have baclofen (GABABR agonist) response in HDC-
ΔGABAB mouse, while 6 out of 6 wild-type dLGN neurons had a membrane 
hyperpolarization averaged at 12 mV, demonstrating a complete deletion of 
GABABR utilising HDC-Cre transgenic line. 
3.3.2 The significance of 2 subunit deletion in different brain 
regions  
Region-specific deletion of the 2 subunit typically leads to elimination of all 
synaptic IPSCs in the 2 deleted neurons, such as in cerebellum Purkinje cells 
and TMN neurons (Wulff et al., 2007; Zecharia et al., 2012). However, it is 
worth noticing that in 2-/- cultured cortical neurons, there are miniature IPSCs 
present without 2-GABAARs, although the frequency is significantly reduced. 
The origin of the remaining IPSCs was unknown at the time (Essrich et al., 
1998). This issue was re-addressed recently with Cre-GFP AAV injection into 
cortex of  2-floxed mice (Kerti-Szigeti et al., 2014). Consistent with the 
cultured cell recordings, there are remaining IPSCs present in 2-/- cells, 
although the frequency of 2-/- cells is significantly lower than wild-type control 
cells. Interestingly, the remaining IPSCs have a significantly slower decay time 
constant (2-/- , 17.6 ± 6.2 ms; wild-type, 6.3 ± 1.9 ms), with no change in rise 
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time and peak amplitude. The authors presented pharmacological evidence 
suggesting these synaptic IPSCs are 3 subunit containing.  
More relevant to our work, Acsády and colleagues investigated the consequence 
of 2 deletion in the ventrobasal nucleus (VB) by local AAV-Cre injection in 
2I77lox mice (Rovo et al., 2014). Spontaneous IPSCs were completely absent 
in 2-/- neurons. In their slice preparation where reticular thalamic nucleus (nRT) 
projection to VB was intact, extracellular stimulation of the nRT at a frequency 
consistent with a tonic mode of firing (up to 10Hz) also did not evoke any 
IPSCs in 2-/- neurons compared with wild-type cells, further proving the 
absence of fast synaptic events without 2 in the VB complex. However, burst 
firing in nRT cells produced phasic, slow decaying IPSCs in the absence of the 
2 subunit, which is believed to be mediated by non-synaptic GABAARs.  
However, what we have seen in our dLGN 2 deletion is different from previous 
work. Deletion of the 2 subunit in the dLGN only eliminated IPSCs in half of 
the relay neurons we recorded from; the other half of neurons still had IPSCs 
with subtle kinetic differences. The remaining IPSCs of 2-/- neurons exhibited a 
lower frequency across the population compared with wild-type neurons. Also, 
a population of neurons having only fast-rising and fast-decaying IPSCs is 
missing in the 2-/- dLGN. This population of neurons was previously linked 
with morphologically Y-type relay neurons (Bright et al., 2011). These 
remaining IPSCs in the dLGN are unlikely to be nRT burst-mediated phasic 
events, since nRT projections into dLGN are largely disrupted in our slice 
orientation. Also, the decay time scale of our remaining IPSCs in the dLGN is 
different from burst-mediated phasic events in the VB (remaining IPSCs in the 
dLGN, 11.17 ±0.67ms; burst-mediated phasic events in the VB, 69 ± 23ms, 
n=15). We also believe these remaining IPSCs are synaptic events, since the 
time scale of the 10-90% rise time is similar compared with wild-type IPSCs, 
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although slightly slower in HDC-Δ2 neurons (wild-type, 2.34 ±0.14 ms; HDC-
Δ2 2.75 ±0.19 ms), suggesting a similar synaptic origin with wild-type 
neurons. While there is a complete loss of spontaneous IPSCs in the VB relay 
neurons after 2 deletion, we see a different scenario in the dLGN after 2 
deletion. Interestingly, there are no local interneurons in the VB complex, while 
15-20% of neurons in the dLGN are local interneurons, innervating dLGN relay 
cells (Sherman, 2004). Regardless whether the remaining 1 mediated IPSCs 
are the result of compensation for 2 deletion or not, it is of great importance 
that synaptic IPSCs can be mediated by non-2 containing GABAARs. 
However, if the remaining IPSCs are mediated by 1-GABAARs after 
compensation, this would be a cell type selective subunit compensation 
mechanism in the dLGN, since half of the relay neurons do not have synaptic 
IPSCs at all after 2 deletion. 
3.3.3 Pharmacological deduction of GABAA receptor composition 
in the dLGN relay neurons 
To reveal the subunit composition of the remaining IPSCs in HDC-Δ2 relay 
neurons, the pharmacological properties of the remaining IPSCs have been 
tested and compared with the wild-type control ones. In brief summary, the 
remaining IPSCs are diazepam insensitive in HDC-Δ2 relay neurons, 
compared with diazepam-induced prolongation of decay time in wild-type cells, 
further confirming the complete deletion of the 2 subunit. The kinetics of the 
remaining IPSCs is also DS2 insensitive, suggesting the  subunit is not 
involved in the formation of these events. It‟s unlikely that  receptors are 
responsible for these IPSCs either, since Zn
2+
 did not block these currents. 
Finally, DMCM increased the IPSC amplitude and decay time, suggesting the 
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remaining IPSCs are mediated by 1 containing GABAARs. Details of the 
pharmacological evidence are discussed below. 
Diazepam is a positive allosteric modulator of GABAARs in the presence of 
GABA, which binds at the interface between  and  subunits of GABAARs 
(Twyman et al., 1989; Ernst et al., 2003). Sensitivity of GABAARs to diazepam 
is greatly influenced by  subunit variants. Binding affinity and efficacy are 
significantly lower in - and -containing GABAARs compared with -
containing GABAARs (Puia et al., 1991). Thus, diazepam seems a suitable drug 
for differentiating -containing GABAARs from - and - containing 
GABAARs. Indeed, our results demonstrate clearly that while in wild-type 
control relay neurons, IPSC decay times were prolonged significantly in the 
presence of diazepam, the remaining IPSCs in HDC-Δ2 neurons are almost 
diazepam insensitive. However, it is possible that in wild-type relay cells, not 
all IPSCs are mediated just by 2-containing GABAARs (likely a mixture of 2- 
with 1- or 3- containing GABAARs), since there is an overlap of decay-time 
distributions before and after diazepam, potentially resulting from a diazepam 
insensitive IPSC population in wild-type neurons. Nonetheless, the absence of 
diazepam sensitivity in HDC-Δ2 neurons not only proves a complete deletion 
of the 2 subunit in the HDC-Δ2 dLGN, but also leads to the conclusion that 
the remaining IPSCs in the HDC-Δ2 are not mediated by 2 subunit-containing 
GABAARs.             
Thalamic relay neurons in the dLGN exhibit a tonic conductance mediated by 
2/3 and containing GABAA receptors (Bright et al., 2007). Here, we 
consistently observed a persistent tonic inhibition in dLGN relay neurons of 
wild-type control mice, which was blocked by the GABAAR antagonist 
picrotoxin. In HDC-Δ2 recordings, all neurons still exhibited a picrotoxin-
induced tonic current, regardless whether the neuron had spontaneous IPSCs or 
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not. In HDC-Δ2 neurons, where remaining IPSCs were present, picrotoxin not 
only produced an outward shift of holding current, but also blocked the 
spontaneous IPSCs, which suggests the remaining IPSCs are mediated by 
GABAA receptors. To further quantify the tonic inhibition in wild-type and 
HDC-Δ2 relay neurons, the -specific positive allosteric modulator, DS2, was 
applied during the recording. Importantly, the magnitude of the tonic inhibition 
increase at a given DS2 concentration depends on both the abundance of -
containing GABAARs on the cell membrane and the ambient GABA 
concentration. Similar tonic inhibition in wild-type and HDC-Δ2 dLGN relay 
neurons suggests that there was no up regulation or down regulation of 
subunit expression due to 2 deletion and also no significant change in the 
ambient level of GABA concentration. DS2 did not change the kinetics of 
spontaneous IPSCs in the dLGN, further consolidating our previous conclusion 
that -containing GABAARs do not contribute to a spillover-like, slow 
component of decay in spontaneous IPSCs in dLGN relay neurons (Ye et al., 
2013). More importantly, DS2 application also did not change the kinetics of 
the remaining IPSCs in the HDC-Δ2 neurons, confirming the remaining IPSCs 
in the HDC-Δ2 neurons are not mediated by -containing GABAARs. 
DMCM has a high binding affinity at the benzodiazepine binding site between 
 and  subunits of the GABAAR (Rogers et al., 1994). Although DMCM 
sensitivities to different -containing GABAARs are similar (except a low 
affinity for 4-and -GABAARs), its actions on different -containing 
GABAARs are quite selective. While DMCM inhibits GABA-induced current in 
- and 3-containing GABAARs (acting as an inverse agonist); it positively 
modulates 1-containing GABAAR-mediated current (Puia et al., 1991; Herb et 
al., 1992a). Importantly, the BZ binding site in the F77I mutation is 
insensitive to DMCM, where phenylalanine (F) at position 77 in the subunit 
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is replaced by isoleucine (I) (Wingrove et al., 1997; Ogris et al., 2004; Cope et 
al., 2005b).  DMCM seems to be a perfect candidate to differentiate subunits, 
activating 1-GABAAR mediated current, inhibiting 3-GABAAR mediated 
inhibition and having no effect on 2-GABAARs containing the F771 mutation. 
In addition to high affinity at the BZ site, DMCM also binds at 2 and 3 
subunits with low affinity at micromolar concentration, potentiating GABA 
current. However, 10 µM DMCM is not enough for subunit activation in a 
slice preparation, since it did not change IPSC kinetics at all in F77I mouse 
recordings (Kerti-Szigeti et al., 2014). Our results strongly suggest the 
remaining IPSCs without the 2 subunit are mediated by 1-containing 
GABAARs in the dLGN. In addition, the positive modulation of IPSCs by 
DMCM in wild-type relay neurons also suggests the presence of 1-containing 
GABAARs is not a result of compensation, since DMCM will not have any 
effect on IPSCs of the relay neurons if it is mediated by pure F77I 2-containing 
GABAARs in wild-type dLGN.    
3.3.4 The mystery of Zn
2+
-induced tonic inhibition 
Zn
2+
 has long been known as a subunit-selective GABAAR inhibitor (Smart et 
al., 1983; Smart et al., 1994). Zn
2+
 inhibits GABAARs with an IC50 of 0.1-
1 µM; while it also inhibits -containing GABAARs, with 10 fold higher IC50 at 
1-10 µM (Hosie et al., 2003; Kaur et al., 2009). However, -containing 
GABAARs are much less sensitive to Zn
2+
, which are only inhibited by Zn
2+
 
substantially at hundreds of micromolar (Draguhn et al., 1990). Modelling 
evidence suggest that the  subunit disrupts the Zn2+ binding site at the -
interface (Hosie et al., 2003). To rule out the possibility that the remaining 
IPSCs in the HDC-Δ2 neurons are mediated by receptors, 10 µM Zn2+ was 
applied during the recording. No substantial change of IPSC kinetics indicates 
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both wild-type relay IPSCs and the remaining IPSCs in HDC-Δ2 neurons are 
not mediated by receptors. 
Unexpectedly, a group of wild-type relay neurons also exhibited a fast increase 
of tonic inhibition in the presence of 10 µM Zn
2+
, although no change in IPSC 
kinetics was detected, as stated earlier; while other relay neurons either had no 
obvious holding current change, or slightly decreased tonic current. In the 6 
HDC-Δ2 neurons with remaining IPSCs, there was an increase of tonic 
inhibition in the presence of 10 µM Zn
2+
. Only one HDC-Δ2 neuron without 
IPSCs was applied with 10 µM Zn
2+
, and surprisingly there was no increase in 
tonic inhibition after Zn
2+
 application in this recording. More Zn
2+
 experiments 
need to be done to draw a final conclusion. However, combined with 
morphological data, these results suggest Zn
2+
 modulates tonic inhibition in a 
cell type selective way. While 10 µM Zn
2+
 increases tonic current in HDC-Δ2 
neurons with remaining IPSCs (potential X type neurons), it does not change or 
decrease tonic current in HDC-Δ2 neurons with no IPSCs (Y type neurons). 
Details of the morphological correlation will be discussed in the next section. 
Combining all the data together, Zn
2+
 induced an increase of tonic current that is 
unlikely to be caused by direct activation of -containing extrasynaptic 
GABAARs by Zn
2+
, since a rich literature indicates Zn
2+ 
inhibits -GABAAR 
directly at high concentrations (Hosie et al., 2003; Kaur et al., 2009). The 
observation of both tonic and phasic current increase in the presence of 100 µM 
Zn
2+
 suggests it is mediated either by increasing presynaptic GABA release or 
by inhibiting the GABA re-uptake system. However, the spontaneous IPSC 
frequency did not change significantly. The latter mechanism is more likely, 
based on the existing literature. In most brain systems, rapid uptake of 
synaptically released GABA into synaptic terminals or surrounding glial cells 
by GABA transporters clears GABA from the synaptic cleft and surrounding 
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area (Kanner, 1989; Roettger et al., 1999). It is believed that type 1 GABA 
transporters (GAT-1) are widely expressed in neurons, while GAT-3 
transporters are majorly expressed in glial cells. Localization of GAT2 does not 
overlap with GABAergic synapses, and is believed to be an osmoregulator in 
the CNS and other tissues (liver and kidney) (Uchida et al., 1992). GAT-4 
transporters are only detected in the CNS, including olfactory bulb, thalamus, 
cerebral cortex and hippocampus (Cohen-Kfir et al., 2005). Although GAT4 
surely plays an important role in GABA uptake and homeostasis in the CNS, 
there are discrepancies about its cellular localization, either glial cell or 
neuronal (Clark et al., 1992; Jursky et al., 1996; Karakossian et al., 2005). 
Interestingly, Zn
2+
 was found to be a GAT4 inhibitor of GABA-evoked current, 
with IC50 at 3.2 µM (Cohen-Kfir et al., 2005). However, Zn
2+
 does not affect 
GAT-1 and GAT-3 mediated GABA current. This potentially explains our 
result that 10 µM Zn
2+
 enhances tonic inhibition, without affecting phasic 
inhibition, because of higher sensitivity of ambient GABA by -containing 
GABAARs, which is similar to the effect of GAT-1 inhibitor, NO771. At 2.5 
µM concentration, NO771 had no effect on phasic current, while it increased 
mean tonic current by four fold in dentate gyrus granule cells (Nusser et al., 
2002). At 100 µM concentration, Zn
2+
 is expected to inhibit GABA uptake by a 
greater extent, which presumably results in an increase of extracellular GABA 
concentration, increasing both tonic and phasic current. However, we did not 
see a significant increase of IPSC decay time, although an increase of IPSC 
amplitude, since Zn
2+
 also blocks -containing GABAARs at 100 µM (Hosie et 
al., 2003).  
The reason why Zn
2+
 enhances tonic inhibition in a subset of neurons and is 
potentially cell-type selective, is still unknown. One possibility is that GAT4 
expression in the dLGN is cell type selective. It is also possible that GAT4 is 
universally expressed in all cells in dLGN, however its ability to modulate the 
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GABA level differs in different synaptic structures. For instance, the triad 
synaptic structures, enclosing interneuron dendritic outputs and relay dendritic 
terminals in a glia sheath, innervate almost exclusively X type relay neurons. 
GABA diffusion is expected to be slow in this glomerular structure (Rossi et al., 
1998). In the presence of a GABA uptake inhibitor such as Zn
2+
, GABA 
concentration can potentially be elevated to a much higher level. To elucidate 
the mechanisms behind this, additional experiments are required, such as 
correlation of Zn
2+
 response properties with morphological reconstructions and 
the measurement of the Zn
2+
 response in the presence of other GAT-4 
inhibitors. 
3.3.5 Cell type-dependent  subunit heterogeneity in the dLGN 
relay neurons 
It is well known that functionally distinct cell types in the LGN are involved in 
different parallel pathways of vision in primates and cats (Sherman, 1985; Nassi 
et al., 2009). Functionally different relay cell types also have a distinct 
morphology in the LGN (Friedlander et al., 1981b; Wilson et al., 1984a). 
Hidden lamination of rat dLGN structure does exist with a core lamina residing 
in the inner rostraventral region and a shell lamina in an outer caudodorsal 
region, both receiving distinct RGC inputs. However, it is not yet known if mice 
also have similar parallel pathways. Recent studies suggest mice may have a 
similar shell, core hidden lamination. A dedicated visual pathway has been 
discovered in mice, where direction-selective ganglion cells (DSGCs) project 
specifically to the shell region of the mouse dLGN, which in turn relays visual 
input to superficial layers of the visual cortex (Cruz-Martin et al., 2014).  
35 recorded dLGN relay neurons filled with biocytin were confocal imaged. 
Similar to previous reports about cell morphology of mouse dLGN (Krahe et 
al., 2011), 19 relay neurons (54.3%) were identified as radially symmetric Y-
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type cells, 9 relay neurons (25.7%) were identified as bipolar X-type cells and 7 
relay neurons (20%) were hemispheric W-type cells. Surprisingly, a great 
majority of HDC-Δ2 neurons without IPSCs were identified as Y-type relay 
neurons (8 out of 9 cells, 88.9%); while HDC-Δ2 neurons with remaining 
IPSCs, assumed to be mediated by 1-GABAARs, were a mixture of X- and W- 
type neurons. Although less is known about W type neurons, X and Y cells both 
receive simple axonal input (F1) from local interneurons, in addition to axonal 
input from reticular neurons. However, dendritic terminals of interneurons give 
rise to dendrodendritic input (F2) only onto X cells, but not Y cells (Wilson et 
al., 1984a; Sherman, 2004) (Figure 29A). Our result suggests there is -subunit 
heterogeneity in the dLGN which is cell type-dependent. The majority of 
synaptic inhibition of Y cells is mediated by 2-containing GABAARs, sensing 
GABA release from axodendritic (F1) terminals of local interneurons and axon 
terminals of reticular nucleus (Figure 29B). For X cells, in addition to the 
conventional 2-GABAARs mediated axodendritic input, they also receive 1-
containing GABAARs mediated dendrodendritic (F2) release from interneurons 
(Figure 29C). Thus, upon deletion of 2 subunit in the dLGN, while Y cells do 
not have any IPSCs, X cells still have remaining IPSCs mediated by 1-
containing GABAARs, responding to interneuron F2 release. 
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Figure 29. The origin of fast and slow GABAAR-mediated synaptic transmission onto X- and Y-
type thalamic relay neurons of the dLGN. A, Basic circuit diagram illustrating the two types of 
GABAergic input onto X- and Y-type thalamic relay neurons (green). Excitation from retinal 
ganglion cell (RGC) axons causes GABA release from the dendrites of a local dLGN 
interneuron (IN). These unusual dendro-dendritic arrangements generate fast-forward 
inhibition of relay neurons that occurs within the glomerular specializations of the triad that is 
found exclusively on X-type thalamic relay neurons. GABA release from the nRT occurs 
onto both X- and Y-type thalamic relay neurons at the more common axo-dendritic synapses. 
Y-type thalamic relay neurons only receive GABAergic input from the nRT. B, The fast 
rising and fast decaying IPSCs (red traces) exhibited by Y-type thalamic relay neurons are 
mediated by the transient activation of x22 subunit-containing GABAARs (red sphere) at 
axo-dendritic synapses. Y-type thalamic relay neurons also exhibit a tonic inhibition (grey 
traces) that results from the constant activation of subunit-containing extrasynaptic 
GABAARs (grey spheres). C, We propose that the slower IPSCs (black trace) present on X-
type thalamic relay neurons result from activation ofx subunit-containing GABAARs 
that are loosely clustered within the dendro-dendritic synapses of the triad. Activation of 
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x subunit-containing GABAARs will also give rise to fast IPSCs (orange trace) on X-
type relay neurons when the GABAARs (orange spheres) are closer to the GABA release 
sites. Additionally, X-type relay neurons also receive conventional axo-dendritic GABAergic 
release from the nRT giving rise to fast IPSCs mediated by x subunit-containing 
GABAARs (red sphere). X-type thalamic relay neurons exhibit tonic inhibition (grey traces) 
that results from the constant activation of subunit-containing extrasynaptic 
GABAARs (grey spheres). 
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4. Genetic removal of GABAB receptors from 
the mouse dLGN 
 
4.1 Introduction 
In addition to GABAA receptor-mediated fast (<10 ms) synaptic inhibition, 
GABAB receptors mediate slow (100-500 ms) postsynaptic inhibition in the 
central nervous system (Farrant et al., 2005; Gassmann et al., 2012a). At the 
same time, activation of presynaptic GABAB receptors inhibits both excitatory 
and inhibitory neurotransmitter release through G protein-coupled Ca
2+
 channel 
inactivation. While presynaptic GABAB receptors can be activated by ambient 
level of GABA or single action potential (AP)-evoked GABA release, 
postsynaptic activation of GABAB receptors usually requires simultaneous 
GABA release from a group of interneurons through GABA spillover, because 
of the remote location of the postsynaptic GABAB receptors from the GABA 
release sites (Scanziani, 2000; Kohl et al., 2010; Kobayashi et al., 2012). Thus, 
GABAB receptor mediated slow inhibition plays an essential role in modulating 
rhythmic network activity.  
By crossing HDC-Cre mice with floxed GABAB1 mice, HDC-GABAB1 mice 
were created, in which GABAB1 subunits are specifically deleted within the 
dLGN. I examined the cellular effect of deleting GABAB1 subunits and 
investigated its role in modulating neuron excitability upon elevated GABA 
release. Furthermore, I designed several behaviour experiments to assess 
functional role of GABAB receptors within the dLGN on visual processing and 
sleep-wake cycle.  
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4.2 Results 
4.2.1 Complete loss of GABABR function in HDC-GABAB1 
dLGN relay neurons 
To investigate a local effect of GABABR deletion, we crossed HDC-Cre mice 
with the GABAB1 floxed mice to generate the HDC-GABAB1 offspring. 50 µM 
baclofen application to the wild-type dLGN relay neurons resulted in a rapid 
membrane potential hyperpolarisation (Figure 30A), and a shift in the 
relationship between current injection and the recorded membrane voltage 
(Figure 30B). However, no changes of membrane potential and voltage-current 
response curve were observed in HDC-GABAB1 dLGN (Figure 30C, D). In 
summary, membrane potential hyperpolarisation was induced by baclofen in 6 
out of 6 wild-type relay neuron recordings, averaged at 13.3 ± 1.7 mV (Figure 
30E). A significant reduction of baseline noise level was also present after 
baclofen, averaged at 43.8 ± 15.7 % (n=6), reflecting presynaptic inhibition of 
GABABRs by baclofen. However, no significant change of membrane voltage 
change was initiated by baclofen in HDC-GABAB1 relay neuron recordings 
(n=5) (Figure 30F). Although we did detect baseline noise level reductions in 2 
HDC-GABAB1 neurons, the other 3 neurons did not show any evidence of a 
presynaptic effect associated with baclofen application. Importantly, there was 
also a firing mode change from tonic firing to burst firing, responding to current 
injection in the presence of baclofen in wild-type relay neurons, which was a 
result of relay neuron membrane hyperpolarisation. In the HDC-Cre mice, no 
firing mode change was observed in the presence of baclofen. Taken together, 
these results establish the absence of functional postsynaptic GABABRs in 
HDC-GABAB1 relay neurons. 
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Figure 30. Baclofen responses in dLGN relay neurons of wild-type and HDC-GABAB1 mice. A, 
An example of membrane potential hyperpolarisation by baclofen in wild-type dLGN relay 
neuron. B, Membrane voltage change in response to current injection before and after 
baclofen application in wild-type relay neuron. C, An example of HDC-GABAB1 neuron 
response to baclofen in the dLGN. Baclofen did not change membrane potential voltage, 
although synaptic input was reduced in some cases. D, Membrane voltage change in response 
to current injection before and after baclofen application in HDC-GABAB1 relay neuron. E, 
Baclofen hyperpolarized membrane potential in all wild-type dLGN relay neurons, averaged 
at 13.31 ± 1.7 mV (n=6). F, Baclofen did not change membrane potential voltage in all HDC-
GABAB1 relay neurons (n=5).    
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4.2.2 Postsynaptic response to elevated GABA concentration in 
wild-type and HDC-GABAB1 relay neurons 
Ambient GABA concentrations were enhanced through pharmacological 
activation of local interneurons or by simply adding GABA to the extracellular 
solution. The group I mGluR agonist dihydroxyphenylglycine (DHPG) has been 
shown to promote local interneuron GABA release leading to enhanced sIPSC 
frequency and an increased magnitude of tonic GABAAR-mediated current in 
dLGN relay neurons (Govindaiah et al., 2006; Errington et al., 2011). Our data 
confirmed this robust enhancement of both IPSC frequency and tonic inhibition 
in 7 out of 9 wild-type relay neurons (Figure 31A, B). The sIPSC frequency was 
11.0 ± 1.4 Hz  in control conditions and increased to 15.6 ± 1.8 Hz in the 
presence of 100 µM DHPG (n=7). The holding current increased by 87.3 ± 24.3 
pA (n=7) in the presence of DHPG consistent with a raised ambient GABA 
level in the acute slice. However, in current-clamp recordings, a postsynaptic 
depolarisation was observed in dLGN relay neurons following DHPG 
application, that averaged at 8.01 ± 1.02 mV (n=5) (Figure 31C, D). This 
depolarisation is likely to be due to inhibition of a potassium leak conductance 
or an increase in a nonspecific cationic conductance in the relay neurons (Poisik 
et al., 2003) following DHPG activation of postsynaptic mGLuR receptors. We 
also applied 3 µM GABA to wild-type dLGN relay neurons, and observed a 
membrane voltage hyperpolarisation of 5.55 ± 0.43 mV (n=5) (Figure 31E, G). 
Membrane hyperpolarisation was also observed in HDC-GABAB1 neurons, but 
the voltage change was significantly smaller compared with wild-type neurons. 
In HDC-GABAB1 neurons the membrane hyperpolarisation averaged at 2.46 ± 
0.34 mV (n=4) (Figure 31F, G). 
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Figure 31. Neuron response to elevated GABA concentration in wild-type and HDC-GABAB1 
mice. A, An example trace of a dLGN relay neuron responding to DHPG application. B, By 
activating interneurons, DHPG not only enhances tonic inhibition, but also phasic inhibition 
within the dLGN. C, An example trace of neuron response to DHPG application in current 
clamp mode. D, DHPG depolarised relay neuron membrane potential postsynaptically (n=5), 
potentially through potassium channel inactivation. E, An example trace of neuron response 
to 3 µM GABA in a wild-type relay neuron. F, An example trace of neuron response to 3 µM 
GABA in an HDC-GABAB1 relay neuron. G, Membrane voltage change to 3 µM GABA is 
significantly smaller in HDC-GABAB1 relay neurons (n=5) than wild-type relay neurons 
(n=4). 
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4.2.3 Novel object recognition task in wild-type and HDC-
GABAB1 mice 
Mice will spend more time exploring a novel object compared to a familiar one 
(Bevins et al., 2006). Although the neuronal pathways that underlie this “object-
recognition” are not completely understood, we have used this experimental 
assay to investigate potential visual deficits that may be present in the HDC-
GABAB1 mice. Mice were exposed to a purely visual cue consisting of 
identical transparent glass bottles that could be fitted with either blank or black 
and white striped inserts. Each mouse was placed in an arena containing two 
blank objects for a 10-minutue exploration time before one of the objects was 
made stripy (Figure 32A, B). The whole process was videotaped for subsequent 
analysis. Coordinates were extracted from the video data using Swistrack 
software. When mice were not exploring the objects, they tended to stay close 
to the corners of the arena. Only the central area of the arena was selected for 
analysis of exploration, as shown by the red box in the bottom panel of Figure 
32C & D. The histograms plot the time spent in the left and right quadrants of 
the arena. The data from a single wild-type mice shown in Figure 32C&D spent 
a similar amount of time around the two identical objects in the control 
condition, and explored the novel object much more than the familiar object in 
the experimental condition. Wild-type mice exhibited a preference for one side 
of the cage in control conditions exploring one side of the arena for 61± 2.9 % 
(n=4) of the time. In experimental conditions, when the novel object was placed 
in one side of the arena, there was now an average 67 ± 1.3% (n=4) preference 
for that side. 
We also applied a more conventional direct contact scoring analysis to the video 
data, only counting the time that the mice directly contacted the object with 
mouth, nose or paw. The scoring of this behaviour was repeated in triplicate by 
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two different observers. As expected, wild-type mice showed no preference 
when the same objects were present in the control condition, spending 53.8 % 
and 46.2% of the exploration time on each object respectively (n=4). However, 
the wild-type mice spent significantly more time contacting the novel stripy 
object with a 75.5 ± 2.2% preference (t test, P<0.01). The result is similar in 
HDC-GABAB1 mice. No preference was observed in control conditions when 
visually identical objects were used; while HDC-GABAB1 mice explored the 
novel stripy object 68.6 ± 4.8% of the time (t test, P<0.01). This novel object 
recognition task demonstrates that HDC-GABAB1 mice had no obvious visual 
deficit compared with wild-type mice. 
4.2.4 HDC-GABAB1 mice exhibit a decreased LFP total power 
exploring the stripy arena 
Local field potential (LFP) electrodes were implanted in the visual cortex of 
wild-type and HDC-GABAB1 mice and the signals were downloaded onto a 
flash memory device attached to their scull (Neurologger). These mice were 
allowed to feely explore an arena that was either surrounded by blank or stripy 
walls (Figure 33A, B). Although the numbers of the experiment animals are too 
small to draw any firm conclusions at this stage, the two wild-type mice showed 
little difference in the total distance travelled during the first minutes in the 
blank or the stripy environment. Also, the LFP power spectrum was similar 
when exploring the blank arena and the stripy arena (Figure 33C). However, in 
both of the HDC-GABAB1 mice total distance travelled was no different in 
either environment but the total power of the LFP recording in the visual cortex 
was much lower in the stripy arena than in the blank arena (Figure 33D). 
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Figure 32. Object recognition task for wild-type and HDC-GABAB1 mice. A, Illustration of 
object recognition task with two same objects. The two objects are identical transparent glass 
cylinders filled with blank papers from inside. B, Illustration of object recognition task with a 
novel object. The objects are the same transparent cylinders as in A. However, the novel 
object cylinder was filled with stripe paper instead to create a pure visual difference. After 10 
minutes exploration of the arena with same objects, mice were returned to home cage for a 5-
mintutes rest, and the glass cylinders were cleaned with ethanol to clear the remaining scent. 
After this, mice were allowed for another 10 minutes exploration in the arena with novel 
objects. C, An example trace of mouse locomotion activity in the arena with same objects. D, 
An example trace of mouse locomotion activity in the arena with novel objects. E, Wild-type 
mice spent equal amount of time around the same objects. In the arena with novel object, 
wild-type mice spent significantly more time around the novel object (n=4). F, HDC-
GABAB1 mice also spent equal amount of time around the same objects; while they 
explored more with the novel object (n=4), similar to the wild-type mice. 
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Figure 33. Locomotion activity and visual cortex LFP recording of wild-type and HDC-
GABAB1 mice in a blank arena and a stripy arena. A, Illustration of mice activity in a control 
blank arena. B, Illustration of mice activity in a stripy arena. C, Visual cortex LFP power 
spectrum of wild-type mice in control blank arena and stripy arena. There were no significant 
change of total power and power distribution in frequency domain. Black trace, LFP power 
spectrum during 3 minutes exploration of control blank arena; red trace, LFP power spectrum 
during 3 minutes exploration of stripy arena. D, Visual cortex LFP power spectrum of HDC-
GABAB1 mice in control blank arena and stripy arena. LFP total power during 3 minutes 
exploration in the stripy arena (red) was significantly smaller than in control blank arena 
(black) in HDC-GABAB1 mice.   
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4.2.5 LFP power spectrums of the visual cortex in wild-type and 
HDC-GABAB1 mice during the 12-hour sleep period 
Previously, we have reported that the natural sleep-wake cycle, as assayed with 
global EEG recording and EMG recording from the animals neck muscles, did 
not change in the HDC-GABAB1 mice (Zecharia et al., 2012). However, local 
changes in the visual cortex during sleep are still possible, due to changes in 
local thalamocortical oscillations following the absence of GABABRs within the 
dLGN. Therefore, local LFP signals were recorded from the visual cortex of the 
non-tethered wild-type and HDC-GABAB1 mice as they moved feely in their 
home cages during 12-hour lights-on period (Figure 34A, B). The wake phase is 
characterized by high muscle tone signals in the EMG channel and low LFP 
power in the cortical recording. The sleep phase is characterized by 
conspicuously low amplitude signals in the EMG channel (Figure 34C). Sleep 
phases associated with low EMG activity are consists with the presence of 
NREM and REM episodes, with NREM characterized by high delta power and 
low theta power in the LFP recording, and REM sleep characterized by high 
theta power in LFP power spectrum. Interestingly, an overall shift of the power 
spectrum was observed in the HDC-GABAB1 mice during their 12-hour sleep 
period (Figure 34D). HDC-GABAB1 mice (n=4) had significantly higher 1-4 
Hz delta power, with much lower 6-10 Hz theta power compared with wild-type 
mice (n=4). The distribution of active (wake) and stationary (sleep) states 
during the 12-hour sleep period is not significantly different (Figure 34E). 
Although the mechanism behind this is still unknown, it is clear GABABRs 
within the visual thalamus are contributing to local thalamocortical oscillations 
during natural sleep. 
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Figure 34.  Visual cortex local field potential (LFP) recording in wild-type and HDC-GABAB1 
mice. A, position of LFP electrodes within the visual cortex of recorded mice. Red dot, wild 
type mice; red circle, HDC-GABAB1 mice.  B, 2x DIC image and 10x Nissl staining of the 
30 µm slice showing the electrode located in the superficial layer 2-3 of the visual cortex. C, 
An example trace of EMG and EEG recordings during sleep/wake transition. During wake 
period, EMG signal exhibited high amplitude, with low EEG power. During sleep period, 
EMG channel was quieter, with high EEG power. D, Power spectrum of the EEG signal 
within the 12-hour sleep period in both wild-type and HDC-GABAB1 mice. The sleep phase 
is characterized by a high delta power in wild-type LFP recordings (n=4). In the HDC-
GABAB1 mice, a shift of delta power to lower frequency was obvious (n=4). Black trace, 
normalized power spectrum of wild-type LFP recordings; red trace, normalized power 
spectrum of HDC-GABAB1 LFP recordings. E, Percentage of stationary state in every hour 
of 12 hours „light on‟ period, which is not significantly different in wild-type and HDC-
GABAB1 mice. Stationary state is characterised and quantified by low EMG signals.       
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4.3 Discussion 
4.3.1 Complete deletion of functional GABABRs in the visual 
thalamus 
Consistent with results in global GABAB1
-/-
 mice where the postsynaptic 
GABAB response was completely absent electrophysiologically, we did not see 
a baclofen-mediated GABAB response in any recorded dLGN relay neurons of 
the HDC-GABAB1 mice. The complete absence of baclofen response not only 
reconfirms the high expression level of Cre-recombinase within the dLGN of 
HDC-Cre mice, but also demonstrates the essential role of GABAB1 subunit in 
conferring functional GABABRs. While GABABR activation switched wild-
type relay neurons from tonic firing mode to burst firing mode responding to 
current injection, no change of firing mode was observed in the relay neurons of 
HDC-GABAB1 mice in response to baclofen. This suggests an essential role 
that GABABRs can play during behaviour state change, especially the sleep-
wake cycle, which has not been stressed by previous publications (Cope et al., 
2005a; Franks, 2008) . During sleep period, thalamic nuclei enter into a slow 
oscillatory mode where neurons burst fire synchronously as a result of high 
ambient GABA concentration mediated neuronal hyperpolarisation (Mccormick 
et al., 1992; Franks, 2008). Indeed, when GABA was applied directly on wild-
type dLGN relay neurons, a substantial amount of hyperpolarisation was 
induced (5.55 ± 0.43mV, n=5), and relay neuron firing mode switched 
consistently; while it was a much smaller amount of hyperpolarisation in HDC-
GABAB1 relay neurons (2.46 ± 0.34 mV, n=4) without consistent firing mode 
change in response to GABA application. The remaining hyperpolarisation 
induced by GABA are believed to be mediated by synaptic and extrasynaptic 
GABAARs (Cope et al., 2005a). 
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4.3.2 Behaviour consequences of dLGN GABABR deletion  
One of the promising aspects of studying the GABABR deletion mice is to link 
the function of dLGN GABABRs with visual perception and other behavioural 
elements. Traditionally, visual psychophysical work has focused on primates. 
Despite the convenience of using various transgenic mice to study the cellular 
and molecular basis of the visual pathway, quantification of visual capacity in 
unanaesthetised mice is still limited, which usually requires a rigorous training 
process (Wong et al., 2006). Our novel object recognition experiment allowed 
us to compare visual function in wild-type and HDC-GABAB mice in a less 
time consuming way. The choice of objects with same shape and textile with 
only visual differences allows a pure vision-driven discrimination of objects 
without the interference of the mice olfactory system and whiskers. The 
preserved capability of visual discrimination in the HDC-GABAB mice 
demonstrates the consequence of dLGN GABABR deletion is limited, during the 
novel object recognition task. Preliminary data of a decreased visual cortical 
LFP signal in the HDC-GABAB mice during stripy environment exploration, 
suggests HDC-GABAB mice find it more difficult to adapt to a strong stimulus 
environment, potentially resulting in disorientation and exploration withdraw. 
Further investigation of visual differences within wild-type and HDC-GABAB 
mice requires additional experiment in a controlled condition. The go/no-go 
licking task is one potential further experiment, where mice are head-fixed and 
learn to lick to receive a water reward only when the right signal is displayed. 
This task can be performed several hundred times a day in a controlled 
condition, although requiring several weeks of training (Andermann et al., 
2010). Furthermore, parameters of the stimulus (such as contrast, spatial 
frequency, drifting orientation) can be adjusted systematically to test subtle 
differences in the transgenic mice.    
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Consistent with our prediction, deletion of GABABRs in the dLGN also 
disturbed the local thalamocortical oscillations in the visual cortex, with a 
power shift towards the lower frequency (1-4 Hz) domain during the sleep 
period, although with no change in global EEG. The mechanism behind this is 
still unknown. For better understanding of the change in power spectrum of 
local LFP during sleep, simultaneous dLGN and visual cortex LFP together 
with multiunit recordings might be needed. 
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5. Sox14, a gene marker for dLGN interneurons 
 
5.1 Introduction 
Previously, in Chapter 3 and Chapter 4, I looked into GABAA receptors and 
GABAB receptors separately in GABA recipient dLGN relay neurons using 
HDC-2 and HDC-GABAB transgenic mice. Sox14 is a new member of the 
HMG-box containing Sox gene family, with a repression domain at the C-
termini. It is believed to be a transcriptional repressor that controls lineage fate 
decisions (Uchikawa et al., 1999; Hargrave et al., 2000b). Although Sox14 
neurons are GAD1 positive in the IGL and vLGN during embryogenesis, its 
existence and functional role has not been explored within the postnatal dLGN. 
Only until recently, my collaborator, Alessio Delogu, successfully identified 
Sox14 neurons arose within the dLGN in the first few postnatal days and co-
expressed GABA and GAD1, as was shown in Introduction Figure 11 &12 
(unpublished data).    
Here, by taking advantage of Sox14
gfp/+
 mice, I managed to record from Sox14 
neurons directly by patch clamp technique. I also investigated the contribution 
of Sox14 interneuron-mediated inhibition by comparing dLGN relay neuron 
recordings from wild-type and Sox14 knock-out (Sox14
gfp/gfp
) mice. 
Furthermore, with the help of Cre-ChR2 AAV injection into the dLGN of 
Sox14
Cre/+
 mice, combined with pharmacological methods, I was able to assess 
the phasic and tonic inhibition purely mediated by Sox14 interneurons. I also 
investigated GABA release mechanism by paired recordings between Sox14 
interneuron and thalamic relay neuron.  
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5.2 Results 
5.2.1 Distinct electrophysiological properties of Sox14 neurons 
compared with dLGN relay neurons 
To characterize the properties of Sox14 neurons in the dLGN, we identified 
Sox14 neurons by their intrinsic GFP expression in the Sox14
gfp/+
 strain, and 
made whole-cell voltage- & current-clamp recordings. Comparing GFP positive 
neurons with GFP negative neurons, we have found that Sox14 neurons 
exhibited distinct electrophysiological properties that are consistent with local 
dLGN interneuorns. For example, the average cell capacitance was 59.86 ± 5.51 
pF (n=43) in Sox14 neurons compared to 102.24 ± 7.36 pF (n=32) for non-
Sox14 neurons. Therefore, the Sox14 neurons were significantly smaller than 
non-Sox14 neurons (p<0.001). Also, Sox14 neurons had significantly higher 
input resistance compared with non-Sox14 neurons (Sox14 neurons: 1122.29 ± 
136.79 MΩ, n=43; non-Sox14 neurons: 373.27 ± 57.59 MΩ, n=32; p<0.001). 
Therefore, our electrophysiological data is consistent with the 
immunohistochemistry data suggesting that Sox14 neurons are indeed 
GABAergic interneurons.  
In current-clamp configuration, Sox14 neurons exhibited a more depolarised 
resting membrane potential of -48.18 ± 1.45 mV (n=26), compared with that of 
non-Sox14, putative thalamic relay neurons, of -65.37 ± 2.61 mV (n=32). 
Interestingly, many of the Sox14 neurons exhibited intrinsic oscillatory firing 
pattern at resting membrane potential (data not shown). Current injection 
protocols within the Sox14 neurons revealed that most of the Sox14 neurons 
fired maximally at 20-40Hz, possibly resulting from intrinsic membrane 
properties (Figure 35A, B). Membrane voltage response against current 
injection curve (IV curve) further illustrated that Sox14 neurons are a distinct 
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neuronal type with high input resistance compared with non-Sox14, putative 
relay neurons (Figure 35C). 
 
 
Figure 35. Electrophysiological properties of Sox14 neurons. A, an example of membrane 
potential and firing rate change of Sox14 neuron responding to injected currents. B, firing 
properties of Sox14 neurons in response to steady-state injected currents. C, membrane 
voltage (mV) response to current injection (pA) of Sox14 interneurons (grey) and dLGN 
relay neurons (black).      
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5.2.2 Deletion of Sox14 neurons had no significant effect on 
spontaneous IPSCs of dLGN relay neurons 
After establishing that Sox14 neurons are likely to be dLGN interneurons, we 
sought to assess the effect of deleting Sox14 interneurons on dLGN relay 
neurons. Immunostaining results (Figure 11) clearly show that Sox14 knockout 
resulted in the loss of most interneurons within the dLGN. However, voltage-
clamp recordings did not show a change of sIPSC freqeuncy in Sox14
-/-
 dLGN 
relay neurons. As shown in figure 36 A, B, C, like wild-type dLGN relay 
neurons, most of the relay neurons in Sox14
-/-
 dLGN had spontaneous IPSCs 
with no significant change in frequency (wild-type: 1.75 ± 0.57 Hz, n=8; Sox14 
knockout: 2.95 ± 0.75 Hz, n=9). The tonic conductance calculated from voltage-
clamp holding current also did not show a significant difference, with wild-type 
neurons averaged at 16.78 ± 3.38 pS/pF (n=8) and Sox14
-/-
 averaged at 28.89 ± 
7.36 pS/pF (n=9). In addition, wild-type and Sox14
-/-
 relay neurons had similar 
IPSC properties in terms of rise time, decay-time and peak amplitude. The 
distribution of rise time and decay time in individual wild-type and Sox14
-/-
 
relay neurons are shown in Figure 36D. 
Overall, this suggests dLGN interneuron mediated synaptic inhibition did not 
contribute to the majority of the overall inhibition relay neurons received, at 
least for the neurons that we sampled in this set of experiment. Most likely, the 
major contributor of the IPSCs came from reticular nucleus of the thalamus, 
instead of local interneurons.     
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Figure 36. Spontaneous IPSCs in wild-type and Sox14
-/-
 relay neurons. A, an example trace of 
spontaneous IPSCs in a wild-type dLGN relay neuron. B, an example trace of spontaneous 
IPSCs in a Sox14
-/-
 dLGN relay neuron. C, Distribution of IPSC frequency against tonic 
conductance in each individual wild-type and Sox14
-/-
 relay neuron. D, Distribution of IPSC 
decay time against rise time in each individual wild-type and Sox14
-/-
 relay neuron. Black 
colour, wild-type relay neuron; red colour, Sox14
-/-
 relay neuron.   
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5.2.3 Cell-type specific expression and light-evoked activation of 
Cre-dependent ChR2-eYFP in Sox14
cre/+
 neurons 
Cre-dependent AAV-ChR2-eYFP was injected bilaterally into the LGN of 
Sox14
cre/+
 animals at P16. Expression of Chr2-eYFP was densely concentrated 
in the IGL, and relatively sparse in the dLGN, resembling the distribution 
pattern of Sox14 neurons. However, because Chr2-eYFP preferentially 
localized on somatic membrane and terminal, the dLGN was fully covered with 
YFP fluorescence (Figure 37A). 
We identified those ChR2-eYFP expressing Sox14 neurons that exhibited a 
fluorescent ring around the soma, and recorded from these cells first in current-
clamp mode. The recorded neurons exhibited typical low capacitance, high 
input resistance characteristics of Sox14 interneurons, further confirming cell 
type selective expression pattern of Chr2-eYFP in the Sox14 neurons.  
A train of LED brief pulses (1ms duration, 5V) was applied to the ChR2 
expressing slices at different frequencies. As illustrated in figure 37B, C, action 
potential firing was robustly elicited at 1Hz and 10Hz brief light pulse rates, and 
was still evident at 20 Hz. At 30Hz, action potential firing of the Sox14 neuron 
only followed the brief light pulses at the beginning of the 1 second stimulation 
but action potential accommodation was apparent during the stimulation train 
(Figure 37D). This was most likely caused by voltage-gated sodium channel 
inactivation in the Sox14 neurons. 
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Figure 37. ChR2 response of Sox14 neurons in Sox14
cre/+ 
mice injected with cre dependent ChR2-
eYFP AAV. A, ChR2-eYFP expression in soma and terminals of sox14 neurons. B, Evoked 
action potentials following 1Hz brief LED light pulse with 1 ms duration. C, Evoked action 
potentials following 10Hz LED light pulses with 1 ms duration. D, Action potentials only 
partially followed 30Hz brief light pulses. Blue trace, time sequence of blue light stimulus; 
black trace, membrane potential response of recorded neuron. 
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5.2.4 Frequency dependent phasic and tonic inhibition in dLGN 
relay neurons, responding to Sox14-Chr2 activation 
After establishing successful channelrhodopsin activation in Sox14 neurons, 
dLGN relay neurons were recorded with a CsCl-based internal solution (AMPA 
and NMDA receptors blocked) and the recorded neurons were filled with 
biocytin for post hoc staining (Figure 38A). 1Hz and 5Hz brief light pulses 
robustly generated time-locked post synaptic IPSCs in 13 out of 15 relay 
neurons recorded (Figure 37B), with latency from the stimulus averaged at 4.71 
± 0.11 ms (n=13). In agreement with previous conclusions that Sox14 neurons 
are GABAergic interneurons, these light evoked events are indeed inhibitory 
post synaptic currents (IPSCs), as they were completely blocked by the 
application of 50 µM Gabazine (Figure 38B).  
We then recorded GABAA receptor mediated inhibition onto dLGN relay 
neuron at varying brief light pulse frequencies from 1 to 30 Hz (Figure 38C). At 
1Hz, the possibility of evoking a time-locked light-evoked IPSC was on average 
88.14 ± 5.13% (n=13), and there was no holding current change at this 
stimulation frequency. The possibility of evoking a time-locked IPSC gradually 
reduced at higher stimulation frequency (Figure 38D). Furthermore, an inward 
shift of tonic current became apparent starting from 5Hz stimulation, and 
increased significantly in a frequency dependent manner to 172.5 ± 54 pA 
(n=14) at 30Hz, as shown in Figure 38E. Frequency dependent holding current 
change was absent in the presence of Gabazine. In one particular dLGN relay 
neuron recorded with no spontaneous IPSCs, brief light pulses did not evoke 
phasic IPSC at all frequencies. However, frequency-dependent tonic inhibition 
was present from 5Hz to 30Hz stimulation (Figure 39). 
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Figure 38. Relay neuron response to different brief light pulses in Sox14
cre/+ 
mice injected with cre 
dependent ChR2-eYFP AAV. A, biocytin filled relay neuron overlaid with ChR2-eYFP 
positive Sox14 neuron terminals. B, brief light pulse evoked IPSCs (black trace). No IPSC 
response was detected in the presence of Gabazine (grey trace). C, holding current increased 
as frequency of brief light pulses increased up to 30Hz. D, phasic IPSC release probability 
decreased as frequency of brief light pulses increased. E, tonic current increased dramatically 
as frequency of brief light pulses increased. 
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5.2.5 DS2 enhanced light-evoked holding current change at high 
frequencies 
It is possible that at higher stimulation frequencies of the dLGN interneurons, 
there could be pronounced GABA spillover that activates perisynaptic and 
extrasynaptic  subunit-containing GABAA receptors. To validate this 
hypothesis, we measured tonic inhibition at different frequencies before and in 
the presence of 10 µM DS2. DS2 is an allosteric modulator of -containing 
GABAA receptors, which enhances -GABAAR mediated tonic current only in 
the presence of GABA (Wafford et al., 2009; Jensen et al., 2013; Ye et al., 
2013).  
As stated previously, higher frequencies of brief light pulses (except 1Hz) 
evoked frequency-dependent tonic current in control conditions before DS2 
(Figure 39A). Application of 10 µM DS2 increased resting holding current in 
dLGN relay neurons as was shown in previous chapter, because of the presence 
of -GABAARs in relay neurons (Chapter 3.1.6). After holding current 
stabilized in the presence of DS2, different frequencies of brief light pulses 
were applied again. As expected, light-evoked tonic current change significantly 
increased at all higher frequencies of brief light pulses tested (Figure 39B), 
except at 1Hz. In addition, no light-evoked tonic current was detected in the 
present of 50 µM Gabazine at all frequencies (Figure 39C). 
In 4 out of 4 relay neurons tested, light-evoked tonic current dramatically 
increased in the presence of 10 µM DS2, especially at 10, 20 and 30 Hz (Figure 
39D). At 10Hz, light evoked tonic current averaged at 42.5 ± 18.9pA before 
DS2 (n=4), and increased to 190 ± 84.4pA in the presence of DS2 (347.1% 
increase). At 20Hz, tonic current averaged at 92.5 ± 42.3pA before DS2 (n=4), 
337.5 ± 128.1pA in the presence of DS2 (264.9% increase). At 30Hz, 145 ± 
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64.1pA before DS2 (n=4), and increased to 527.5 ± 220.4pA in the presence of 
DS2 (263.8% increase). 
 
Figure 39. DS2 enhanced light evoked tonic current at different brief pulse frequencies. A, an 
example of evoked tonic current at different brief pulse frequencies. B, DS2 enhanced light 
evoked tonic current at different frequencies in A. C, no light evoked tonic current at 
different frequencies in the presence of Gabazine. D, DS2 significantly increased tonic 
current at high brief pulse frequencies (10 to 30 Hz). 
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5.2.6 Significant decay time increase of light-evoked IPSCs in the 
presence of DS2 
It has been reported that perisynaptic -containing GABAA receptors contribute 
to phasic IPSC decay time prolongation in dentate gyrus granule cells (Wei et 
al., 2003) and cortical pyramidal cells (Ye et al., 2013). Recruitment of 
perisynaptic and extrasynaptic GABAARs by GABA spillover from thalamic 
reticular nucleus (nRT) stimulation also prolongs phasic inhibition in relay 
neurons of ventrobasal (VB) complex (Herd et al., 2013). 
ChR2 mediated time-locked IPSCs occurred at a high response probability at 
1Hz light stimulation (Figure 40A, B, C). We also report that the dLGN 
interneuron mediated light evoked IPSCs contain a -GABAAR component. As 
shown in figure 40D, averaged IPSCs from 100 evoked events with normalized 
peak show a significant increase in the decay time in the presence of 10 µM 
DS2. In this example, the decay time course was fitted with a double 
exponential function, with a fast decay time constant (fast) and a slow decay 
time constant (slow). In control condition before DS2 application, fast was 12.3 
ms, and slow was 69.1 ms; while fast was 17 ms, and slow was 637.4 ms in the 
presence of DS2. Both decay time constant increased significantly in the 
presence of DS2, with a 38% increase in fast and a much larger 8 fold increase 
in slow. Figure 40E illustrates the distribution shift of the weighed decay time 
(fast), and no change of 10-90% rise time in the presence of DS2. 
In summary, in 4 out 4 relay neurons with DS2 application, the fast decay time 
(fast) significantly increased 31.1 ± 10.7%, with presumably even bigger 
increase in slow (Figure 40F). However, no significant change of 10-90% rise 
decay was observed (n=4). We also observed a significant decrease of the peak 
amplitude for evoked IPSCs averaged at 36.7 ± 4.3 % after DS2. 
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We also compared the release probability of interneuron-ChR2 activation before 
and in the presence of DS2. As described previously (figure 40G), the 
possibility of detecting time locked IPSCs was about 90% at 1Hz stimulation, 
and significantly decreased to about 40% at 30Hz stimulation. In the presence 
of DS2, release probability slighted deceased at various frequencies but with no 
significance. 
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Figure 40. DS2 prolonged the decay time of light evoked IPSC events. A, An example of time-
locked IPSCs evoked by light stimulus in a relay neuron. B, post-stimulus time histogram 
(PSTH) of the evoked IPSC latencies in response to 250 light stimuli in the example neuron 
in A, with a total count of 226 evoked responses. C, response probability of all 14 relay 
neurons after light stimulation.   D, an example of averaged eIPSC traces before and after 10 
µM DS2. Inset, zoom in traces of shaded region in D. E, scatter plot of weighed decay time 
against 10-90% rise time of 100 light evoked events before (black) and after DS2 (red). 
Gaussian function was fitted for weighed decay time histogram. F, Weighed decay time of 
individual relay neuron (n=4) before and after DS2. G, Response probability of IPSCs at 
different light frequencies before (black) and after DS2 (red).  
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5.2.7 Action potential dependent release probability of Sox14 
neuron is low in Sox14-relay neuron paired recordings 
One interesting feature of dLGN interneurons is that they are known to release 
GABA from their dendrites in addition to conventional axondendritic release 
(Rafols et al., 1973; Hamos et al., 1985; Montero, 1986). It has been proposed 
that a specialized synaptic “triad” structure is responsible for the 
dendrodendritic release in the dLGN. An excitatory retinogeniculate terminal 
forms a synapse onto a relay neuron and an interneuron dendrite (F2 terminal) 
at the same time. Activation of the interneuron dendrite induces GABA release 
onto the same relay neuron dendrite (Wilson et al., 1984a; Hamos et al., 1985). 
Furthermore, it is believed that dendrodendritic release is action potential 
independent, while axondendritic release is action potential dependent (Cox et 
al., 2000; Govindaiah et al., 2006). In the Sox14 interneuron-ChR2 activation 
experiment, channelrhodopsin-2, a non-selective cation channel, was trafficked 
onto not only somatic and axonal membrane, but also dendritic membrane. 
Thus, the results we obtained in the previous section were presumably a 
combination of both axonal and dendritic GABA release from Sox14 
interneurons. To better understand the mechanism of interneuron mediated 
inhibition, we performed paired recording between a Sox14 interneuron and a 
relay neuron in Sox14
gfp/+
 mice. 
We recorded a GFP-positive interneuron and a GFP-negative relay neuron with 
an average separation of 38.9 ± 12.7 µm (n=34), as illustrated in figure 41A. 
Brief pulse current was injected into the Sox14 interneuron to evoke action 
potential, and GABAA receptor mediated currents were recorded from the relay 
neuron. In a total of 34 pairs, by stimulating interneurons at 1Hz frequency, the 
possibility of detecting IPSCs in a 0 to 10ms time range in reference to the 
action potential initiation was very low (Figure 41B,C). Subtracting the IPSCs 
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within post stimulation 0-10ms time frame with averaged spontaneous IPSCs, 
the response probability of relay neurons to interneuron action potential firing 
averaged at -0.23±0.5% (n=34), as shown in figure 41D. Although a small 
number of IPSCs were detected in 0-10 ms time frame in some recordings, all 
the post stimulus time histogram (PSTH) showed no peak of time-locked 
events. 
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Figure 41. AP evoked IPSC response is low in paired Sox14 neuron and relay neuron recordings, 
if there is any. A, post staining of paired recording between a Sox14-GFP positive and a 
Sox14-GFP negative neuron, both filled with biocytin. White arrow shows a Biocytin 
positive, GFP negative relay neuron; white asterisk shows a Biocytin positive, GFP positive 
Sox14 interneuron. B, an example paired recording shows no time-locked IPSCs were 
detected after an action potential evoked by somatic current injection. C, PSTH of an 
example paired recording, showing no obvious time-locked IPSCs after evoking action 
potentials in Sox14 interneurons. D, probability of detecting IPSC events in relay neuron is 
low by evoking action potential in Sox14 neurons with paired recording (n=34), if there is 
any.  
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5.3 Discussion 
5.3.1 Sox14, an interneuron marker in the dLGN 
Previously, early transcription factor gene Sox14 has been identified as a 
neuronal marker for the subcortical visual shell (SVS) structure, including the 
intergeniculate leaflet (IGL) and the olivary pretectal nucleus (OPN) (Delogu et 
al., 2012). Along with the suprachiasmatic nucleus (SCN), the SVS nucleus is a 
major target of the intrinsically photosensitive retinal ganglion cells (ipRGCs) 
in the non-image forming visual system, mediating photo-entrainment of 
circadian rhythm and induction of the pupillary light reflex (Gooley et al., 2003; 
Lall et al., 2003; LeGates et al., 2014). In Sox14-deficient mice, although the 
positioning of the OPN was not affected during development, it has been found 
that neurons failed to migrate from the IGL into vLGN between E12.5 and 
E18.5. Also, the deficient mice failed to accurately entrain the circadian rhythm 
and execute light-induced suppression of motor activity (Delogu et al., 2012).  
In our study, we identified Sox14 neurons as a marker for interneurons in the 
dLGN, which has not been reported before. Multiple evidence support Sox14 
neurons are interneurons. All Sox14 neurons are stained GABA positive in the 
dLGN. Electrophysiological properties of the Sox14 neurons are significantly 
different from dLGN relay neurons with higher input resistance and cell 
capacitance. Sox14 also have a more depolarized resting membrane potential 
compared with relay cells. In addition, Sox14 neurons exhibit spontaneous 
oscillatory behaviour in many cases. Most importantly, relay neurons receive 
time-locked inhibitory inputs from ChR2-driven Sox14 neurons, which were 
blocked by the GABAAR blocker GABAzine.    
Different from the IGL-vLGN migration, Sox14 interneurons migrated from the 
IGL to dLGN between P0-P5. In Sox14
gfp/gfp
 mice where replacement of the 
Sox14 gene by GFP cDNA results in Sox14 deficiency, GFP positive neurons in 
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the IGL failed to colonize the dLGN, further demonstrating the importance of 
the Sox14 gene for the positioning of interneurons in the dLGN. It‟s worth 
noticing that GAD65 and GAD67 are differentially distributed in all three 
nuclei of the mouse visual thalamus, with GAD67
+
/GAD65
-
 terminals in the 
dLGN, GAD67
-
/GAD65
+ 
terminals in the IGL, both GAD67 and GAD65 
terminals present in the vLGN (Hammer et al., 2014). Previously, it has been 
reported that dLGN interneurons were migrated from the vLGN by mapping the 
GAD67
GFP
 mouse. However, GAD67
GFP
 mice do not label GAD67
-
/GAD65
+
 
neurons in the IGL, and Sox14
+
 interneurons are found in both dLGN and 
vLGN/IGL after P5. Thus, we suggest dLGN interneurons originate from the 
IGL, and possibly vLGN after birth. 
5.3.2 Activity-dependent increase of tonic inhibition mediated by 
interneuron activation 
In our study, we took advantage of the Sox14-dependent ChR2 activation in the 
dLGN, and investigated the interneuron-mediated inhibition in dLGN relay 
neurons. In addition to evoking time-locked IPSC events, a presynaptic activity-
dependent inward shift of holding current was also present in the relay neurons. 
And the holding current rapidly recovers back after cessation of presynaptic 
activity. DS2, a -subunit selective positive allosteric modulator, significantly 
enhanced the shift of the holding current, responding to the ChR2 activation, 
suggesting an extrasynaptic -containing GABAAR contribution. This discovery 
suggests that extrasynaptic -containing GABAARs not only act as a sensor of 
ambient static GABA concentration, but also dynamically detects presynaptic 
interneuron activity in the dLGN. 
A previous study has demonstrated that evoked IPSCs in VB neurons exhibited 
a slow component in the decay, which is mediated by extrasynaptic  
GABAARs. Furthermore, high nRT firing frequencies (generally >20-25 Hz) 
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induced an inward shift in the VB neuron holding current, which was positively 
correlated to the nRT firing frequency (Herd et al., 2013). Recent work by 
Acsády and colleagues found that nRT burst-evoked slow inhibitory events 
persisted in the -deleted VB complex, with no major change of 
thalamocortical oscillations including slow oscillation and sleep spindles, thus 
suggesting an important role of extrasynaptic GABAARs activation in 
maintaining local brain oscillations (Rovo et al., 2014). Interestingly, in one of 
our dLGN relay neuron recordings, the relay cell did not exhibit any 
spontaneous IPSC activity itself with no response to low frequency interneuron 
firing, suggesting absence of direct inhibitory synaptic innervation. However, 
high frequency interneuron firing still evoked an inward shift of holding current 
in the recorded cell, in a frequency dependent manner. Furthermore, the holding 
current shift was also enhance by DS2, suggesting the activation of 
extrasynaptic -containing GABAARs. Thus, the activation of extrasynaptic 
GABAARs may be independent of synaptic GABAAR activation. However, 
extrasynaptic GABAARs are still able to detect presynaptic interneuron activity 
in the dLGN in an intensity-dependent manner. 
 
5.3.3 ChR2- and AP-evoked interneuron synaptic release 
Brief light pulses robustly generated phasic time-locked IPSCs at all 
frequencies. At higher brief pulse frequencies, synaptic release probability was 
dramatically decreased, which might be a result of ChR2 current overlap at 
higher frequencies. However, at 1Hz and 5Hz frequency, there was no overlap 
of ChR2 current or post synaptic current at all. Also, it‟s worth noticing that the 
first 3-4 evoked IPSCs following activation onset are generally bigger until the 
current reaches a steady state, which is caused by ChR2 fast desensitization.  
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Although we did not see a change of spontaneous IPSC kinetics in the presence 
of DS2, it is unknown if this is also true in light-evoked IPSCs. A change of 
decay is possible for the light-evoked IPSC events, since the GABA 
concentration could be much higher in this condition compared with that of 
spontaneous IPSCs. Indeed, DS2 prolonged the decay time of light-evoked 
IPSCs. The evoked IPSCs were perfectly fitted with a two-component 
exponential function. Although the fast decay time constant also increased 
significantly in the presence of DS2, the slow decay time constant increased by 
almost 10 times (from 69.1 ms to 637.4 ms), suggesting extrasynaptic -
containing GABAAR activation during presynaptic GABA spillover.  
After robustly evoking synaptic events in 13 out of 15 relay neurons by ChR2 
activation in presynaptic interneurons, we tried to evoke IPSCs in relay neurons 
by stimulating action potential in interneurons during paired recordings. 
However, in 34 successful paired recordings of interneurons and relay neurons, 
we did not see a clear postsynaptic relay neuron response after evoking 
presynaptic action potentials in interneurons. It is possible that the probability of 
interneuron and relay neuron coupling is low in the dLGN, or the presynaptic 
release probability after an action potential is low even when they are 
connected. Literature evidence on this matter is limited. Although some work 
has demonstrated synaptic connectivity between a dLGN interneuron and a 
relay neuron, the probability of finding a connected pair is unknown (Acuna-
Goycolea et al., 2008). According to our data, the connectivity between an 
interneuron and a relay neuron is definitely low in the dLGN, compared with 
connectivity between cortical interneuron and primary neurons which is usually 
70-80% within a 100 µm distance (Isaacson et al., 2011). Furthermore, 
immunohistochemistry data suggests that in interneuron-relay neuron synapse 
formations, AP-independent dendrodendritic (F2) synapses outnumber AP-
dependent axodendritic (F1) synapses (Sherman, 2004). It is therefore possible 
5. Sox14, a gene marker for dLGN interneurons 
141 
 
that, even when an interneuron and a relay neuron have established synaptic 
connections, most of the connections are through AP-independent F2 synapses 
innervating relay neuron dendrites locally, rather than through AP-dependent 
axodendritic conventional synapses.      
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Visual thalamus not only acts as a relay centre for retina input to the visual 
cortex, but also refines and modulates visual information and regulates the brain 
state change (Sherman et al., 2002; Alitto et al., 2003). Although some basic 
morphological and functional properties of thalamic neurons have been 
uncovered in the last few decades (Wilson et al., 1984a; Sherman, 2004; Nassi 
et al., 2009), the cellular and molecular basis of visual information processing is 
still not fully understood. The importance of inhibition in integrating visual 
inputs has been highlighted in recent years, especially in the cortex, where 
inhibition not only sharpens the tuning of neurons to their preferred stimuli, but 
also paces the synchronised firing of neurons that underlies the rhythmic 
oscillation (Isaacson et al., 2011). By taking advantage of the recent 
development of genetic tools, we were able to investigate into inhibition-
recipient relay neurons and GABAergic interneuron separately in a LGN-
specific manner.  
6.1 GABAA receptor  subunit heterogeneity in the dLGN 
Although 2-containing GABAARs are believed to be required for postsynaptic 
clustering (Essrich et al., 1998), we found that 2-GABAARs are only required 
for postsynaptic inhibitory currents (IPSCs) in a subset of Y-type LGN relay 
neurons, the remaining relay neurons still have IPSCs in the absence of 2 
subunits with subtle kinetic differences. Thus, unlike many other brain regions 
(Wulff et al., 2007; Zecharia et al., 2012; Rovo et al., 2014), 2 subunit 
incorporates into GABAA receptors in a cell-type selective manner. 
Pharmacological evidence suggests the remaining IPSCs are 1-containing, 
instead of 2. The remaining IPSCs were completely blocked by GABAA 
receptor antagonists, picrotoxin and GABAzine, suggesting they are indeed 
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mediated by GABAA receptors. The remaining IPSCs are insensitive to 
diazepam, further confirming the absence of 2 subunit. Their insensitive to 10 
M Zn2+ excludes the existence of pure  receptors. At last, the prolongation 
effect of DMCM on the remaining IPSCs strongly suggests they are mediated 
by 1-, instead of 3- containing GABAA receptors. 
Immunohistochemistry and electrophysiological results long suggested that 
dendrodendritic inputs (F2) from dendrites of local interneurons only connect 
onto X cells, but not Y cells (Wilson et al., 1984a; Sherman, 2004; Crandall et 
al., 2012a). Thus we propose that synaptic inhibition onto dLGN Y-type relay 
neuron is mediated by 2-containing GABAA receptors, which receives 
inhibitory inputs solely from classic axondendritic ternimals; while synaptic 
inhibition onto X-type relay neuron is mediated by 1-containing GABAA 
receptors, which receives inhibitory inputs from dendrodendritic terminals (F2) 
of local interneurons. 
Although pharmacological results suggest the existence of 1 subunits in wild-
type dLGN relay neurons, as DMCM also enhanced wild-type synaptic IPSCs, 
single cell RT-PCR experiment will further consolidate this result. In fact, our 
methodology provides a good control tool for single cell RT-PCR experiment, 
because of the availability of HDC- mice. As a result, we predict while in 
the HDC- mice, X-type relay neurons only have band in the final PCR 
product, Y-type relay neurons will have no subunit band at all, because of the 
absence of subunitin the wild-type mice, all relay neurons will have 
subunit product with cell type-dependent subunit heterogeneity.  
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6.2 Consequences of GABAB receptor deletion in the 
dLGN 
Different from 2 subunit deletion in the dLGN, deletion of GABAB1 subunit 
resulted in a complete loss of postsynaptic GABABRs in all relay neurons 
within the mouse dLGN. Elevated ambient GABA concentration induced 
significantly less membrane potential hyperpolarisation in relay neurons without 
GABAB receptors. Although HDC-GABAB1 mice did not exhibit major visual 
deficit in novel object recognition task, their visual cortex seems to be far less 
capable of processing strong visual stimulation. Furthermore, local field 
potential recordings during sleep period also revealed a shift of power spectrum 
towards 1-4 Hz delta power locally in the visual cortex, without affecting global 
sleep.   
As shown in the in vitro recording results, deletion of GABAB1 subunit changed 
both pre- and post-synaptic electrophysiological properties of the neurons. It‟s 
difficult to pinpoint whether the behaviour deficits resulted from the absence of 
either pre- or post-synaptic GABAB effect, or both. Deletion of GABAB1 
subunit results in the deletion of both isoforms, including GABAB1a and 
GABAB1b (Haller et al., 2004). Although evidence has suggested GABAB1a and 
GABAB1b isoforms distribute differently at the axonal and dendritic sites in 
hippocampus and cortical layer 5 pyramidal cells, it is still unknown whether 
this specialised subcellular localisation exist in the dLGN (Perez-Garci et al., 
2006; Vigot et al., 2006; Gassmann et al., 2012a). If it is the case, visual 
thalamus-specific deletion of either GABAB1a or GABAB1b isoform will 
contribute greatly to the identification of detailed subcellular mechanism for the 
behaviour deficits we observed.   
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6.3 dLGN interneuron-mediated inhibition  
As an important source of inhibition, LGN interneurons help control the 
information flow from the retina to the cortex. We identified Sox14 as an early 
marker gene for LGN interneurons by both immunohistochemistry and 
electrophysiological methods. LGN Sox14 neurons are GABAergic, and are 
identified by their distinctively high input resistance and low capacitance 
measurements compared with LGN relay neurons. Sox14 neuron specific ChR2 
activation evoked time-locked IPSCs in LGN relay neurons, which were 
blocked by GABAAR blocker GABAzine, further confirming Sox14 neurons as 
GABAergic interneurons. Interestingly, in addition to evoked IPSCs, a 
frequency-dependent increase of tonic inhibition was also observed in most of 
the postsynaptic relay neurons receiving interneuron inputs. DS2, a positive 
allosteric modulator of -GABAARs, significantly enhanced the induced tonic 
current, suggesting activation of extrasynaptic -GABAARs. However, paired 
recordings made between a single interneuron and relay neuron suggest the 
probability of action potential-evoked GABA release is low, if there is any. 
Combined with the observed result that ChR2 activation evoked IPSCs robustly, 
it is possible that action potential independent dendrodendritic release 
predominates in the LGN interneurons. 
Thalamic interneurons are a signature of the mouse dLGN, which is not present 
in the VB complex. The activation of extrasynaptic GABAARs by interneurons 
provides an additional tool for dLGN activity manipulation. Conventionally, it 
was believed that phasic inhibition is mediated by 2-containing synaptic 
GABAARs in a temporal and spatial specific manner; while tonic inhibition is 
mediated by -containing GABAARs sensing the ambient GABA level. 
However, my results clearly demonstrate that phasic inhibition contains a -
containing GABAAR-mediated slow component and extrasynaptic -containing 
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GABAARs are capable of mediating release-dependent nonsynaptic inhibition, 
in addition to sensing the ambient GABA level. 
Furthermore, the absence of action potential (AP)-evoked GABA release in the 
paired interneuron-relay neuron recordings suggests the majority of synaptic 
inhibition mediated by dLGN local interneurons arises from AP-independent 
dendritic (F2) release. Further experiments are needed to verify this, such as 
voltage-clamp relay neuron recordings with interneuron-specific ChR2 
activation in the presence of TTX. The prediction is, although TTX will block 
the axonal GABA release evoked by ChR2 activation, Na
+
 channel activation-
independent dendritic release will still be activated by dendritic ChR2 activation 
of local interneurons.      
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